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Surface functionalized nanoparticles have undoubtedly attracted a great deal of 
interest in the interdisciplinary fields of nanoscience and nanotechnology. In this 
thesis two different sets of nano-materials based on surface functionalized 
nanoparticles are presented.    
First, single component silicon dioxide nanocolloids (SCN) are nanostructures that 
exhibit liquid-like behavior in the absence of solvents and preserve the nanostructure 
in the liquid state. SCNs consist of three main components: a core nanoparticle, a 
charged oligomer tethered to the core nanoparticle and a canopy that acts as the 
counter charge to the charged oligomer corona. The individual contribution of the 
constituents of SCN is studied by surface functionalizing silica nanoparticles with 3-
(trihydroxysilyl)-1-propanesulfonic acid, followed by a direct neutralization of the 
sulfonic protons by a bulky, tertiary poly(ethylene glycol)-tailed amine. By varying 
the ratio of the constituents, it is established that the suppression of crystalline regions 
of the canopy is due to confinement effects imposed by the presence of the surface 
functionalized nanoparticles. It was also found that at temperatures below the melting 
point of the canopy, the associated molecular motions at short length scales related to 
the glass transition of the canopy were hindered due to the electrostatic interaction 
between the canopy and the charged oligomer corona. Finally, the structure of SCNs is 
characterized by small angle X-ray scattering.   
Nafion-nanohybrid membranes as proton conducting materials are developed in the 
second part of this thesis. Nafion membranes are modified with different proton-
conducting nanoparticles tailored to add proton conductivity and act as barriers to 
reduce methanol permeability. A preparation method is presented that produces pliant, 
elastic, and insoluble in water polymer membranes with homogenous distribution of 
different nanostructures that influence the morphology of the polymer matrix and its 
transport properties. The resulting materials showed for some cases an 80% reduction 
of methanol permeability with comparable ionic conductivities than that of Nafion. 
Characterization of the nanostructure of Nafion nanohybrid membranes is presented in 
addition to their transport properties proton conductivity and methanol permeability.    
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CHAPTER 1   
INTRODUCTION 
Nanotechnology and nanoscience offer fundamental challenges and 
opportunities for scientists and engineers with the possibility of a new industrial 
revolution. 
1 Nanotechnology in its most formal of definitions revolves around the 
study and control of phenomena and materials at length scales below 100 nm. It 
provides a toolbox with nanometer-sized building blocks for the tailoring of new 
materials, devices and systems. Moreover, this toolbox enables us to bridge between 
molecular sciences, nanoscience, functional materials, and micro-electromechanical 
systems. 
2 Its importance can also be measured by its impact on global economy where 
in 2004 the global public and private funding was estimated at $5 billion and $9.1 
billion, respectively. 
3 Thus, Richard Feynman’s famous 1959 lecture “There’s plenty 
of room at the bottom” is ever so relevant in this day of age.   
In the field of nanotechnology one of the interests lies in the design of smart 
materials with novel properties based on functionalized nanoparticles. They provide 
key tools for bridging the gap between “bottom-up” synthetic methods and “top-
down” fabrication. These materials show unique structural aspects in the nanometer 
scale with tunable specificity and potential triggering mechanisms to external stimuli. 
Examples of potential applications of surface functionalized particles are vast: 
solution-based sensors for small molecules, molecular shuttles for specific drug-
delivery, chemotherapeutic drugs, electrically stimulated devices, highly efficient 
catalysts, nano-metric magnetic assemblies for high-density read-write media, stimuli-
responsive surfaces, scaffolds for layer-by-layer construction, etc…. 
4,5. Moreover, 
multi-scale ordering of materials by self-assembly based on selective control of non-
covalent interactions is also achievable by monolayer-functionalized metallic and 2 
 
nonmetallic nanoparticles. 
6-10 Finally, functionalized nanostructures are also observed 
at the intersection of materials research, nanoscience, and molecular biotechnology to 
generate novel materials. As an example, biomolecular-directed nanoparticle 
organization can be achieved with protein-based recognition systems, and DNA-based 
nanoparticle aggregates for applications that range from physicochemical techniques, 
biolabels, and therapeutic applications. 
11-13 
This thesis presents two different set of nanomaterials based on surface 
functionalized nanoparticles. In both nanomaterials, structure/property relationships 
were drawn to develop a fundamental understanding of the governing processes 
occurring at the nanometer scale.  
 
Single Component Silicon Dioxide Nanocolloids 
Single Component Nanocolloids (SCN) are nanostructures that exhibit liquid-
like behavior in the absence of solvents and preserve the nanostructure in the liquid 
state. Conceptually, the targeted core nanostructure is surface functionalized with a 
charged oligomer corona. In a second step an organic counter ion is stoichiometrically 
added creating a canopy that in principle provides enough “solvent” to disperse the 
functionalized nanoparticles. The gallery of available SCNs that we have synthesized 
previously includes functionalized nanoparticles of SiO2 and γ-Fe2O3, 
14-17 layered-like 
organosilicate nanoparticles, 
18 polyoxometalate clusters, 
17,19 TiO2 (anatase) and 
DNA, 
20 and more recently metal nanoparticles. 
21 Although a number of SCNs with 
different core nanoparticles have been synthesized, the role of each of the constituents 
is not fully understood. As a first approach, Bourlinos et al. studied two different SCN 
with canopies of different molecular structure and concluded that the local dynamic of 
the canopy were not influenced by the presence of the functionalized nanoparticles, 
but the structure and global dynamics were influenced by the volume fraction of 3 
 
functionalized nanoparticles. 
22 To further progress the fundamental understanding of 
SCN Chapter 2 of this thesis presents a synthesis platform where the ratio of the 
constituents is straightforwardly varied to study their individual contributions. 
Additionally, a characterization scheme is also presented to further understand the 
impact that the ratio of the constituents and size of the core nanoparticle has on the 
local dynamic of the canopy and the structure of SCNs.    
 
Nafion Nanohybrid Membranes as Proton Conducting Materials 
Nafion is a perfluorosulfonic acid (PFSA) polymer membrane of great use as 
polymer electrolyte membrane in fuel cells (PEMFCs). These high energy density 
conversion systems transform chemical energy into electrical energy with high 
efficiency, low emission of pollutants and are suitable for a wide range of applications. 
23 Unfortunately, state-of-the-art PFSA polymer membranes show a loss of 
performance at temperatures above 80 °C due to decreasing conductivity under poorly 
hydrated environments and high methanol crossover when used in direct methanol fuel 
cells (DMFC). 
24-26 Nafion nanohybrid membranes (Chapter 3) are based on Nafion 
membranes modified with nanoclays and SiO2 nanoparticles that contain proton-
conducting groups. By introducing well-dispersed proton conducting functionalized 
nanoparticles into Nafion’s polymer matrix our primary goals are to decrease 
methanol permeability and increase/maintain proton conductivity. To achieve these 
goals, a de novo solvent cast technique was developed to produce pliant, elastic, and 
insoluble in water polymer membranes with homogenous distribution of different 
nanostructures that influence the morphology of the polymer film and its transport 
properties. In addition, the nanostructure of Nafion nanohybrid membranes was also 
studied and related to its transport properties.  4 
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CHAPTER 2   
“SINGLE COMPONENT SILICON DIOXIDE NANOCOLLOIDS” 
INTRODUCTION 
Surface functionalized nanoparticles have undoubtedly attracted a great deal of 
interest in the interdisciplinary fields of nanoscience and nanotechnology. Of 
particular interest is the ability of functionalized nanostructures to mimic the 
properties of molecules. Frequently, these nanostructures are denoted as “artificial 
atoms” but at much longer length scale. 
1 For instance, molecular compounds dissolve 
in solvents to provide clear solutions, similarly functionalized nanoparticles disperse 
in solvents to provide clear sols. 
2-9 As an analogy to conventional crystalline 
compounds, functionalized nanoparticles can self-assemble from colloidal dispersions 
into 3-D networks with perfect crystal symmetry. In this secondary type of 
organization, the building units of the super-crystal consist of functionalized 
nanoparticles instead of atoms or molecules. 
1,10 Lastly, functionalized nanoparticles 
can modify the surface of bulkier nanostructures, acting as common molecular 
modifiers and regulating the stability of the colloidal suspension. 
11-13 
Recently, we have developed a series of functionalized nanostructures that 
exhibit liquid-like behavior in the absence of solvents and preserve the nanostructure 
in the liquid state. 
14-20 Expanding the molecule-mimic property of melting at the 
nanoscale by retention of the nanoparticles’ primary structure is of great value. Such 
functionalized nanostructures represent a unique class of solvent-free, single-
component colloids that are distinguished from conventional colloidal suspensions of 
solid-state nanoparticles in a solvent (i.e. two-component systems). Fluidity in the 
absence of solvents/dispersants, zero vapor pressure, combined high nanoparticle 
concentration and homogeneity, expanded solubilization options and integrated 7 
 
nanoparticles properties are some of the attractive features of these non-molecular 
fluids with significant scientific and technological opportunities. 
For example, such systems can circumvent environmental concerns associated 
with toxic solvents. They can also provide better means to process nanostructures into 
films or other functional forms. In addition, they can offer solvent-free smart fluids, 
e.g. proton conducting, magnetic, semiconducting and lubricants. 
15,16 On the other 
hand, spatial restrictions imposed by the dimensions of the nanostructure in 
conjunction with their intrinsic physical-chemical properties make this class of 
materials particularly attractive as novel solvent/reaction media. 
14,17,20  
The gallery of available nanostructures includes functionalized nanoparticles 
of SiO2 and γ-Fe2O3, 
16,21-23 layered-like organosilicate nanoparticles, 
19 
polyoxometalate clusters, 
15,23 TiO2 (anatase) and DNA, 
20 and more recently metal 
nanoparticles. 
24 Conceptually, the targeted core nanostructure is effectively 
functionalized with a soft organic shell through covalent or/and ion exchange grafting, 
thus providing enough “solvent” for the dispersion of the nanoparticles. In another 
view, the molten organic shell acts like a lubricant between the core nanoparticles thus 
imparting mobility. Generally, a high organic content and plasticizing provided by the 
organic modifier, in addition to small size and surface chemistry of the core all play a 
key role in isolating a modified nanostructure in liquid form. 
25 
So far three main synthetic pathways have been developed towards this class 
of materials. In the first pathway, metal oxide nanoparticles are modified by 
condensation of (CH3O)3Si(CH2)3N
+(CH3)(C10H21)2Cl
- with surface hydroxyl groups. 
The chloride counterions present can be readily exchanged by PEG-tailed sulfonate 
anions to obtain the corresponding liquid derivatives. 
16,20 This well-established 
protocol demands thorough washing of the samples in order to get high purity 
products. The second approach exploits the hydrolysis of organotrichlorosilanes, as 8 
 
well as, sol-gel chemistry. Characteristic examples of this category are the synthesis of 
meltable-layered organosilicate nanoparticles. 
19 The third and simpler route deals 
with direct ion-exchange replacement of the mobile ions of a nanostructure by charged 
PEG-tailed units. In this way, it was possible to obtain liquid derivatives of 
polyoxometalate clusters 
15 and DNA. 
20 
The development of novel, facile and flexible alternatives towards meltable 
nanostructures is desirable in terms of scientific and commercial benefits. To this aim, 
the present work describes a method of preparation of meltable nanostructures where 
the ratio of the constituents is varied to study their individual contribution. For this 
purpose silica nanoparticles (8 to 20 nm in diameter) are surface functionalized by 
(OH)3SiCH2CH2CH2SO3H followed by direct neutralization of the sulfonic protons by 
a bulky, tertiary PEG-tailed amine with the general formula 
(C18H37)N[(CH2CH2O)nH][(CH2CH2O)mH]. The corresponding synthetic diagrams 
and schematics are shown in Figure 2-1. The materials were extensively characterized 
with a variety of techniques. The particular method is general since it can be applied to 
other nanostructures exhibiting mobile protons like polyoxometallates, DNA or 
surface functionalized fullerenes (C60) and polyelectrolyte (e.g. Nafion). 4
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EXPERIMENTAL 
Surface Functionalization of SiO2 nanoparticles: Charger Oligomer Corona 
Surface functionalization of silica nanoparticles was accomplished by 
condensation of 3-(trihydroxysilyl)-1-propanesulfonic acid (SIT) with surface silanol 
groups. Colloidal silica (SM30, HS30 and TM40 from Ludox) was diluted with DI 
water to a concentration of 3.75% wt/wt of silica. To the suspension, a dilute solution 
of SIT (8% wt/wt) was added dropwise while stirring. The pH of the suspension was 
adjusted to pH=5 by adding an appropriate amount of NaOH solution (1M). This clear 
suspension was left to react overnight at 70 °C while stirring. To eliminate the 
unreacted SIT, the suspension was purified by dialysis using a membrane bag 
(Spectra/Por RC Biotech Membrane, 15K MWCO) in DI water overnight. After 
dialysis, sodium ions were exchanged to proton ions using an acid-exchanged resin 
column (DOWEX
 HCR-W2); the suspension was passed 3 times through the packed 
column to ensure full exchange of sodium ions. Weight percentage of sulfonic acid 
silica nanoparticles in suspension was measured by thermo-gravimetric analysis 
(TGA). Equivalent weight of the sulfonic acid silica nanoparticles was estimated by 
titrating to pH=7 a known amount of the suspension with a solution of 0.05M NaOH. 
 
Synthesis of Single Component SiO2 Nanocolloids: Addition of the Canopy 
Single component SiO2 nanocolloids were synthesized by reacting an amine 
groups with sulfonic acid functionalized silica nanoparticles. Two ternary amines were 
used: (i) polyoxyethylene (15) octadecylamine (Ethomeen 18/25) and (ii) 
polyoxyethylene (50) octadecylamine (Ethomeen 18/60), both amine compounds were 
obtained by Akzo Nobel. A solution of amine (20 wt.%) in DI water is added dropwise 
to the suspension of sulfonic acid silica nanoparticles while stirring. The suspension is 
then stirred for 1 hour, and then placed in an oven at 70 °C until a transparent light-11 
 
amber color material is obtained. To further eliminate water traces, samples are placed 
in a vacuum oven at 45 °C overnight and stored in a desiccator under vacuum with 
calcium sulfite.  
The amount of amine added to the suspension of sulfonic acid functionalized 
silica nanoparticles is a function of the desired weight percent of functionalized silica 
of the final nanocolloid. The range of weight percentage of functionalized silica was 
from 20% to 44% wt/wt. For the majority of the nanofluids synthesized, the pH of the 
resulting suspension after addition of amine solution was less than 7. The acidic pH of 
the suspension is an indication that all amine groups are protonated and 
counterbalance the charge of the sulfonic groups that are covalently attached to the 
SiO2 nanoparticles.  
 
Characterization 
Differential Scanning Calorimetry (DSC) experiments were performed with a 
TA Instruments Q1000, equipped with a liquid nitrogen cooling system. The samples 
were first heated from room temperature to 100 °C at a rate of 10 °C/min, annealed for 
5 min and then cooled to -140°C at the same rate. Data from the second heating cycle 
is reported using a heating rate of 10 °C /min. DSC measurements were performed 
using airtight cramped aluminum pans. 
Thermogravimetry (TGA) analysis was performed on a TA Instruments Q500 
Thermogravimetric Analyzer in a temperature range of 25 °C to 550 °C at a heating 
rate of 10 °C/min under a N2 atmosphere.  
X-ray diffraction (XRD) measurements of all samples were analyzed using a 
Scintag PAD X diffractometer with a Cu Kα source (1.54 Å) operating at 45 kV and 
40 mA. Scans were obtained from 1.0° to 30° 2θ at a rate of 1° per minute. Slits used 
were 1° and 2° for the source and 0.3° and 0.5° for the detector (N2 cooled solid-state 12 
 
Ge), respectively, with wider angles closer to the sample. Low-background quartz 
sample holders were used in all cases.  
Small angle X-ray scattering (SAXS) data were obtained using an RU-3HR Cu 
rotating anode X-ray generator (Rigaku, The Woodlands, TX) directed through a 
nickel filter and collimated with orthogonal Franks mirrors (qmin = 0.02 A
-1). Tantalum 
slits at the sample stage trim the beam to approximately 1 mm × 1 mm with an 
average flux of 2×10
7 X-rays/second.  Samples were placed in capillaries of 0.4mm in 
diameter. After the capillary was filled the top was sealed with an epoxy resin to avoid 
contamination. Sample temperature was monitored with a 100W platinum RTD sensor 
(Omega Inc., Stamford, CT) and regulated with a water-cooled Peltier controller 
(Melcor Inc., Trenton NJ) operating within the vacuum beam path.  For SAXS, the 
scattering path length was 100 cm and recorded (approximately 50 second exposures) 
with a home-built CCD detector. The detector-sample distance was calibrated with 
powder patterns of silver stearate and silver behenate. 2-D X-ray diffractograms 
images were integrated over the azimuthal angle (µ) to obtain one-dimensional 
intensity versus the scattering vector, q=(4π/λ)sinθ plots, where λ is the X-ray 
wavelength and 2θ is the scattering angle.  
Dynamic light scattering (DLS) was performed at 25 °C using a Zetasizer 
Nano-ZS instrument at a wavelength of 633 nm and 173° angle of detection. DLS was 
used to measure the size of functionalized SiO2 nanoparticles in water at different 
stages of the synthesis. The viscosity and refractive index of water and SiO2 were used 
to calculate the size of the functionalized nanoparticles based on their Brownian 
motion. The resulting intensity or volume distributions are based on averaging 20 
measurements. 
Dielectric spectroscopy (DS) was performed using a Novocontrol Beta 
Broadband Dilectric System (BDS) equipped with a Quatro Cryosystem temperature 13 
 
controller. The sample cell consisted of two brass electrodes 20 mm in diameter and a 
0.25 mm thick Teflon spacer with a cross sectional area of 87.1 mm
2. The samples 
was placed inside the Teflon ring and sandwiched in between the brass electrodes. The 
dielectric measurements were performed under a temperature controlled N2 
environment in a range of of -50 to 120 °C. The amplitude of applied AC voltage was 
1V in a frequency range of 1 to 3x10
6 Hz. All samples were dried under vacuum for 
24 hours before characterization. The complex dielectric function (ε) is defined by the 
following equation  
ε = ε' - iε'' 
where i=√-1, ε' and ε'' are the real (dielectric permittivity) and imaginary part 
(dielectric loss), respectively. Both ε' and ε'' are function of frequency (ω=2πf, where f 
is in Hertz) and temperature (T) at a given pressure. 
26-28 
Bright-field transmission electron microscopy (TEM) images were obtained with a 
Jeol-1200EX electron microscope operated at an accelerating voltage of 100kV. TEM 
samples (ca. 70 nm thick) were prepared by dissolving an amount of SCN in acetone, 
dipping the copper grid into the solution and letting it dry at room temperature. 
 
RESULTS AND DISCUSSION 
Composition of Single Component SiO2 Nanocolloids 
Surface Modification of SiO2 Nanoparticles: Charged Oligomer Corona  
The constituents dictate the overall properties of Single Component 
Nanocolloids (SCNs) or solvent-free nanoparticle fluids.
25 Figure 2-1 represents the 
three main constituents of a SCN: core nanoparticle, charged oligomer corona and the 
canopy. Each constituent plays an important role in the composition of SCNs, i.e. the 
size of the nanoparticles and the characteristics of the surface functional group dictate 
the ion exchange capacity of the functionalized nanoparticle. Conversely, the canopy 14 
 
also has an ion exchange capacity that results from its molecular weight and charge. 
Thus, the composition of SCNs results by matching the ion exchange capacities of 
both functionalized nanoparticles and canopy. Bourlinos et al. previously observed 
this feature by using the same surface functionalized SiO2 nanoparticles (surface 
functional group: (CH3O)3Si(CH2)3N
+(CH3)(C10H21)2Cl
-) with different counterions, 
(e.g. R(OCH2OCH2)7O(CH2)3SO3H, R:C13-C15 or C17H35COOH) resulted in a 
different volume fraction of silica. 
16 Additionally, the changes in composition of 
SCNs lead to different rheological and structural properties. Thus, SCNs or solvent-
free nanoparticle fluids are properly referred to as single component systems because 
the canopy acts as the counter charge to the surface functionalized nanoparticles with 
no excess of canopy or other ‘solvent’ that adds fluidity.  
This work is based on “second generation” SCNs. Three SiO2 nanoparticles 
(SM30, HS30 and TM40) with different diameters were used as the core nanoparticles 
(Table 2-1). All three SiO2 nanoparticles were purchased as concentrated colloidal 
suspensions under basic conditions (ca. pH= 10). Surface functionalization of the SiO2 
nanoparticles was performed by condensation of 3-(trihydroxysilyl)-1-propanesulfonic 
acid (SIT) with surface silanol groups to create a negatively charged corona (e.g. –
SO3
-). In contrast, the first generation of SCNs had a positively charged corona 
((O)3Si(CH2)3N
+(CH3)(C10H21)2).In addition, the corona was somewhat longer 
molecular weight.  
It was observed that the degree of surface functionalization was a function of 
the pH at which the reaction was performed (Figure 2-2). For both SM30 and HS30 
nanoparticles the degree of functionalization, represented as the ion exchange capacity 
of the surface modified SiO2 nanoparticles, has a maximum value of 1.6 meq/g, when 
the condensation reaction took place at pH=4. Theoretically, a monolayer of surface 
functionalization would produce ion exchange capacities of 0.83, 0.56 and 0.37 meq/g 15 
 
for SM30, HS30 and TM30, respectively. These values were calculated considering 
that the surface of silica has 5 hydroxyl groups/nm
2, the surface area of the different 
nanoparticles (Table 2-1) and that all 3 hydroxyl groups of one SIT molecule react 
with the silica nanoparticles. From the calculated values of ion exchange capacity it 
can be inferred that by performing the reaction at pH ≈ 7 there is a “monolayer” of SIT 
on the surface of the SiO2 nanoparticles. Alternatively, if the condensation reaction is 
performed at pH = 4, a more condensed nanostructure is formed around the 
nanoparticle with possible condensation between hydroxyl groups of SIT. 
 
Table 2-1 Description of the different colloidal silica (Ludox) used as core 
inorganic nanoparticle.  Ludox is produced by E.I. du Pont de Nemours & Co., 
Inc. Data collected from www.sigmaaldrich.com 
Ludox SM30  HS30  TM40 
Surface area [m
2/g]  345 220 140 
Diameter [nm] (calculated) 7.9 12.4  19.5 
Concentration [% wt/wt ]  30% 30% 40% 
pH   10 9.8  9 
 
The size of surface functionalized SiO2 nanoparticles was measured by 
Dynamic Light Scattering (DLS). An important aspect to synthesizing high quality 
SCNs is the dispersion of nanoparticles in the two synthesis steps. Due to the possible 
aggregation/condensation of single SiO2 nanoparticles during surface functionalization 
with SIT to from a fractal network of nanoparticles, their size distribution is a key 
element. Dynamic light scattering (also known as photon correlation spectroscopy 
(PSC)) measures Brownian motion by analyzing the intensity fluctuations in the 
scattered light and relates it to the ‘hydrodynamic’ radius of the particles by the 
Stokes-Einstein Equation. 
29 The fundamental size distribution generated by DLS is an 16 
 
intensity distribution (e.g. Figure 2-3a), which can be converted to a volume 
distribution (e.g. Figure 2-3b) using Rayleigh-Gans-Debye approximation. 
30,31 From 
each distribution, a mean size and standard deviation is extracted by fitting the volume 
distribution to a LogNormal distribution function. The size distribution analysis 
reported here was based on the volume distribution, with similar trends observed in 
the intensity distribution. 
 
 
Figure 2-2 Ion exchange capacity vs. pH of reaction of functionalized SiO2 
nanoparticles (SM30SIT and HS30SIT). Reaction temperature: 70 °C.  
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Figure 2-3 Example of size statistics report by intensity (a) and volume (b) of 
HS30 (core) and HS30SIT (core + charged oligomer corona). DLS of HS30SIT 
after condensation reaction of SIT at pH=5, dialysis and ion-exchange.  18 
 
The size of the initial core has a considerable effect over the size distribution 
of surface functionalized SiO2 nanoparticles. Figure 2-4 represents the diameter of the 
surface functionalized SiO2 nanoparticles (core + charged corona) as a function of the 
pH at which the condensation reaction of SIT was completed. For SM30 nanoparticles 
the initial diameter is 12.8 ± 1.3 nm as measured by DLS, with a corresponding 
polydispersity (PDI = standard deviation/mean) of 0.105. The size distribution of 
surface functionalized SM30 nanoparticles (SM30SIT) is greatly affected by the pH in 
which the surface functionalization reaction was carried out (Figure 2-4a). In some 
cases (pH = 4 and pH = 5) a bimodal distribution of sizes, with diameters of up to 40 
nm was observed. This bimodal distribution may indicate aggregation of single SM30 
nanoparticles. As pH is increased (pH ≥ 6) there is a single distribution of diameters 
with smaller sizes (ca. 18.5 nm). For HS30 nanoparticles, the initial diameter was 15.1 
± 1.3 nm (PDI=0.086) (Figure 2-4b). Surface functionalized HS30 nanoparticles 
(HS30SIT) have a maximum size of 19.2±1.3 nm when the reaction was performed at 
pH between 4 and 5. Additionally, HS30SIT nanoparticles showed a single peak in 
their size distribution with PDI’s comparable to the native HS30 (ca. 0.08) in the range 
of pH studied. Thus, we can conclude that there is negligible amount of aggregation of 
nanoparticles during surface functionalization of HS30 and that the size of the charged 
oligomer corona is also a function of the reaction pH. This result agrees well with the 
ion exchange capacity of HS30SIT (Figure 2-2) where a maximum of covalently 
attached SIT is observed between a pH of 4-5, the same range where the maximum in 
diameter is observed by DLS (Figure 2-4b). For SM30SIT nanoparticles there is also a 
maximum in ion exchange capacity observed at a pH between 4-5, but in the same pH 
range the suspension shows a formation of aggregates much larger than the initial core 
particles. Thus, under these pH conditions a fractal network is formed with 
condensation of SIT on the surface of single SM30 nanoparticles or aggregates of 19 
 
these. Finally, TM40 nanoparticles were also surface functionalized, at a single pH of 
5, to produce TM40SIT nanoparticles with an ion exchange capacity of 1.5 meq/g and 
a diameter of 29 ± 1.2 nm, the initial diameter of TM40 was 25± 1.0 nm.   
For HS30 and TM40 nanoparticles the optimum pH for surface 
functionalization was designated as pH = 5. The resulting surface functionalized 
HS30SIT and TM40SIT nanoparticles had a size of 19.1 ± 1.3 nm and 29 ± 1.2 nm, 
respectively. While their measured exchange capacities were very similar, ca. 1.5 
meq/g. For SM30 nanoparticles, the pH of the surface functionalization reaction was 
chosen to be pH=2, but the major focus will be on HS30 and TM40 due to their 
reproducible size distributions and ion exchange capacity.   
 
Neutralization of the Charged Oligomer Corona: Effect of the Canopy 
The third constituent of a SCN is the canopy. In our previous work, the canopy 
was introduced by exchanging the initial chloride counter ion with a PEG-tailed 
sulfonate anions or an isostearate to obtain the corresponding liquid derivatives. 
16,20 
This method demands thorough washing of the samples in order to get high purity 
products. The “second generation” (G2) of SCNs takes advantage of the acid 
properties of the charged oligomer corona by neutralizing the sulfonic protons with a 
bulky, tertiary PEG-tailed amine with no need of washing to produce high purity 
products. Thus, the combination of a strong acid (-SO3H, pKa = 1.82) with strong base 
(ternary amine, ca. pKa = 9.80) results in a highly dissociated species in the absence of 
water or other solvents. These ionic properties are very similar to protic ionic liquids 
formed by proton transfer between molecules that are, respectively, Brønsted acid and 
bases. 
32-34 Thus, SCNs can also be considered as novel derivatives that combine the 
features of ionic liquids with nanocolloidal suspension characteristics.  
 20 
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Figure 2-4 Diameter of SiO2 nanoparticles and functionalized SiO2 vs. pH of 
reaction. DLS of pure SiO2 nanoparticles (SM30, HS30) was measured at pH = 3. 
DLS of functionalized SiO2 nanoparticles (SM30SIT, HS30SIT) was measured at 
the pH that resulted from the surface functionalization of the particles (ca. pH = 
2). 21 
 
Different architectures of tertiary PEG-tailed amine were used as canopy to 
synthesize SCNs (Table 2-2). This work is focused on two canopies: Ethomeen 18/25 
and Ethomeen 18/60, each with similar architectures, but varying in molecular weight 
and thus ion exchange capacity. In addition, two diamines (Ethoduomeen T/25 and 
Ethoduomeen T/20H), also were used to synthesize SCNs. A general experimental 
observation was that when Ethomeen 18/25 was used as the canopy to produce SCNs 
with any of the three different surface functionalized core particles a clear, amber 
color, free flowing liquid was obtained at room temperature. In contrast, when 
Ethomeen 18/60 was used, a wax material was observed at room temperature, which 
melted at ca.35 ºC to produce a clear, amber color, free flowing liquid. This transition 
was observed to be reversible. Both observations agree with the melting point of each 
canopy and will be discussed in further detail later on.  
For a material to be considered as a single component nanocolloid, the 
maximum amount of canopy (% wt/wt) that can be present is controlled by the ion 
exchange capacity of the charged oligomer corona and canopy. This definition of a 
SCN leads to the possibility of tuning capabilities by adding a lower amount of canopy 
that is necessary to fully neutralize the charge of the charged oligomer corona. These 
tuning capabilities are easily accessible because of the synthesis procedure used in the 
G2-SCN, which involved tracking the pH of the suspension as the canopy is added. As 
an example, Figure 2-5 represents images of SCNs with different concentrations of 
HS30SIT nanoparticles and a canopy of Ethomeen 18/60 at 65 ºC. At the low 
concentration of HS30SIT (14 %wt/wt) the charged oligomer corona is fully 
neutralized by the amount of canopy added and a free flowing liquid is obtained. As 
less canopy (Ethomeen 18/60) is added the concentration of HS30SIT increases and 
the available protons on the charged oligomer corona are not fully neutralized. Also a 
gel-type consistency is observed at very high loadings of HS30SIT (56 %wt/wt) with 22 
 
no visible agglomerations, which is remarkable due to the high concentration of 
nanoparticles. Similar experimental observations were seen for samples based on 
SM30SIT, HS39SIT and TM40SIT surface functionalized nanoparticles with all the 
canopies previously mentioned. In conclusion, using a single type of canopy and 
surface functionalized nanoparticles, a wide range of compositions can be accessed, 
which, in turn, produce a wide range of flow properties. 
 
 
 
 
     14 %wt/wt      24 %wt/wt        44 %wt/wt         49 %wt/wt            56 %wt/wt 
Figure 2-5 Images of SCNs with varying concentrations. % wt/wt of surface 
functionalized nanoparticles (HS30SIT), canopy: Ethomeen 18/60. Images taken 
at 65 ºC 
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To study the effect that the canopy and its concentration had on the overall 
properties of SCNs the volume fraction of surface functionalized nanoparticles (φ) was 
varied. Table 2-3 represents the different materials that were synthesized, based on 
two different canopies (Ethomeen 18/25 and Ethomeen 18/60) and two surface 
functionalized nanoparticles (HS30SIT and TM40SIT). The range of concentrations 
was based on the desired volume fraction of surface functionalized nanoparticles (φ). 
For SCNs made of Ethomeen 18/60, φ varied from 0.125 to 0.35 for both HS30SIT 
and TM40SIT. For SCNs based on Ethomeen 18/25 the lower φ that can be 
synthesized before having to add excess of Ethomeen 18/25 is 0.275. This effect is due 
to the higher ion exchange capacity of Ethomeen 18/25 (1.08 meq/g), compared to that 
of Ethomeen 18/60 (0.042 meq/g). For each φ of surface functionalize nanoparticles, a 
weight percentage (%wt/w) is reported, which was calculated based in the amount of 
surface functionalized nanoparticles and canopy used (Table 2-3). These values agree 
with the thermogravimetric analysis (TGA) performed on SCNs with an error of less 
than 5 %. 
 Finally, transmission electron microscopy (TEM) images of SCNs of 
Ethomeen 18/25-HS30SIT (Figure 2-6) and Ethomeen 18/25-TM40SIT (Figure 2-7) at 
different volume fractions of surface modified nanoparticles reveal the presence of 
spherical nanoparticles that remain intact after addition of the Ethomeen 18/25. 
Furthermore, a mean size diameter of 15.8 ± 4.0 and 26.0 ± 2.3 for HS30SIT and 
TM40SIT, respectively, was calculated. The diameter of the surface functionalized 
nanoparticles calculated by TEM is smaller than what was observed in DLS. This 
trend is in agreement with previously studies based on silica nanoparticles, where it 
was found the size calculated by DLS could be up to 30% larger than what is seen in 
TEM. 
35,36 The difference in size was explained base on the facts that DLS measures 
radius of gyration of nanoparticles that includes “extra liquid” that interacts with the 25 
 
surface of the nanoparticles, and on the other hand in TEM there is shrinkage due to 
bombardment with electrons that would affect the size of the nanoparticles. 
35   In 
addition, TEM images of TM40SIT-Ethomeen 18/25 show that an increase in φ of 
TM40SIT leads to increases in the number density of observed of nanoparticles 
(Figure 2-7).  For HS30SIT-Ethomeen 18/25 the opposite effect was observed, 
probably due to different amounts of solvent (acetone) used to dissolve the SCN. 
 
 
 
 
 
Table 2-3 Composition of SCNs. Volume fraction (φ) and the resulting weight 
percentages (% wt/wt) of surface functionalized nanoparticles in SCNs. Surface 
functionalized nanoparticle: HS30SIT and TM40SIT. Canopy: Ethomeen 18/25 
and Ethomeen 18/60.      
Surface functionalize nanoparticle HS30SIT  TM40SIT 
Volume Fraction (φ) Ethomeen 
18/25 
Ethomeen 
18/60 
Ethomeen 
18/25 
Ethomeen 
18/60 
  % wt/wt  % wt/wt  % wt/wt  % wt/wt 
0.125  19.4** 18.96  19.8** 19.4 
0.2  28.9** 28.33  29.4** 28.8 
0.275  36.8 36.55  37.9 37.1 
0.35  44.1 43.66  45.1 44.4 
** Excess of Ethomeen 18/25 was added to reach the desired φ.  26 
 
  
 
 
 
(a) 
 
(b) 
Figure 2-6 Bright field TEM image of (a) Ethomeen 18/25-HS30SIT φ = 0.125, (b) 
Ethomeen 18/25-HS30SIT φ = 0.275. 27 
 
 
 
 
 
(a) 
 
(b) 
Figure 2-7 Bright field TEM image of (a) Ethomeen 18/25-TM40SIT φ = 0.125, 
(b) Ethomeen 18/25-TM40SIT φ = 0.275. 28 
 
Thermal Properties and Crystallinity of the Canopy  
The crystalline phase of the canopy (Ethomeen 18/25 or Ethomeen 18/60) was 
characterized by differential scanning calorimetry (DSC) and X-ray diffraction 
(XRD). The crystallinity of the canopy is, in some cases, greatly affected by the 
presence of the surface functionalized nanoparticles. 
15,16,20,25 Pure Ethomeen 18/60 at 
25 °C shows Bragg peaks (Figure 2-8), at 19.2°, 23.5°, 26.5° and 36° in 2θ, 
characteristic of crystalline ethylene oxide (EO) repeat units, as seen for poly(ethylene 
oxide) (PEO). 
37-39 When Ethomeen 18/60 is used as the canopy for SCNs made of 
HS30SIT (Figure 2-8a) and TM40SIT (Figure 2-8b) the characteristic peaks of the 
crystalline phase of EO are suppressed, thus indicating an increase in the amorphous 
phase of EO. In addition, the suppression of crystalline phase is increased as the 
volume fraction of surface functionalized particles (φ) increases, both for HS30SIT 
and TM40SIT based SCNs. At φ=0.35 of HS30SIT or TM40SIT only a broad peak is 
seen in the range of 17° to 25° in 2θ, which is characteristic of only an amorphous 
phase of EO. XRD diffractograms of Ethomeen 18/25 and SCNs based on Ethomeen 
18/25 at room temperature showed no diffraction peaks due to low melting transition 
of this amine.  
DSC was used to characterize the thermal properties of SCNs. DSC traces of 
pure Ethomeen 18/25 (Figure 2-9) and Ethomeen 18/60 (Figure 2-10) show a large 
endotherm at 4.2 °C and 38.7 °C, respectively, that corresponds to melting of the 
crystalline regions of EO. The heat of fusion (∆Hf) related to this phase transition is 
76.4 J/g and 121.5 J/g for Ethomeen 18/25 and Ethomeen 18/60, respectively. The 
lower heat of fusion of Ethomeen 18/25 compared to the Ethomeen 18/60 is due to a 
lower number of EO repeat units (i.e. 25 vs. 60).  Figure 2-9 represents the thermal 
behavior of SCNs based on Ethomeen 18/60 with HS30SIT (Figure 2-9a) and 
TM40SIT (Figure 2-9b. For both SCNs there is a similar trend; as φ increases the 29 
 
endotherm related to the melting of crystalline region of EO is suppressed, indicating a 
lower amount of crystalline EO, which is in agreement with the trend seen in XRD 
(Figure 2-8). The decrease in crystalline phase of EO is due to the increased 
confinement imposed by the presence of the surface functionalized nanoparticles. 
Similar effects have been seen for PEO confined in layered silicates. 
40 Additional 
thermal effects are also observed for SCNs based in Ethomeen 18/60 at φ>0.2: i) a 
second order transition, related to the glass transition (Tg) of Ethomeen 18/60 is 
observable at ca. -60 °C; ii) an exothermic peak located at –35 °C and –22 °C for 
Ethomeen 1860-HS30SIT (φ=0.275) and Ethomeen 1860-HS30SIT (φ=0.35), 
respectively, which corresponds to crystallization of EO. This thermal behavior is 
related to hindered crystallization of EO during the cooling cycle due to the presence 
of surface functionalized nanoparticle (also seen in Ethomeen 1860-TM40SIT 
(φ=0.275)); and iii) the peak position of the endotherm related to melting of the 
crystalline regions of EO is shifted to lower values as φ increases, an effect that could 
be related the surface functionalized nanoparticles acting as nucleating agents for 
induced crystallization. Similar effects for SCNs based on Ethomeen 18/60 are also 
observed for SCNs based on Ethomeen 18/25. Figure 2-10 shows the thermal behavior 
of SCNs based on Ethomeen 18/25 with HS30SIT (Figure 2-10a) and TM40SIT 
(Figure 2-10b). At low φ values (<0.2) there is a suppression of the endotherm (located 
at 4.2 °C) related to the melting of the crystalline regions of EO. At φ> 0.275 this 
endotherm is completely suppressed for both HS30SIT and TM40SIT SCNs. Also for 
Ethomeen 18/25-SCNs, as was seen for Ethomeen 18/60-SCNs, as φ increases there is 
a distinguishable step function centered at - 45 °C related to the glass transition of 
Ethomeen 18/25, which for pure Ethomeen 18/25 is not distinguishable due to the high 
degree of crystallinity of EO. In addition, after the glass transition there is an 
endotherm located at ca. -26°C which could be related to an “enthalpic relaxation” as 30 
 
seen in various polymer systems 
41,42 or could also be a different crystalline phase of 
Ethomeen 18/25 induced by the presence of the surface functionalized nanoparticles 
The amount of crystallinity of EO for SCNs based on Ethomeen 18/60 and 
Ethomeen 18/25 as a function of volume fraction of surface functionalized 
nanoparticles (φ) is shown in Figure 2-11. The relative percentage of crystallinity (χ) 
is calculated with the following equation 
0 , f
f
H
H
∆
∆
= χ                                                  (2-1) 
 
where ∆Hf and ∆Hf,0 are the heat of fusion of the SCN and the heat of fusion of pure 
canopy (Ethomeen 18/60 or Ethomeen 18/25), respectively. ∆Hf is corrected by the 
weight percentage of actual canopy present. For SCNs based on Ethomeen 18/60 with 
HS30SIT or TM40SIT the suppression of crystallinity of EO is comparable in the 
range of φ studied. Thus the size of surface functionalizes nanoparticles plays a small 
a role in the suppression of crystalline phase of EO with the larger effect due to the 
volume fraction (φ) of the nanoparticles. This analysis is valid for the size range (19 to 
29 nm in diameter) covered by these specific surface functionalized nanoparticles. A 
parallel trend is observed for SCNs based on Ethomeen 18/25 where the nanoparticle 
size is not a factor in the suppression of crystallinity of EO. Also, Figure 2-11 
indicates the range, where an excess of Ethomeen 18/25 or Ethomeen 18/60 had been 
used to reach the desired φ, i.e. where materials are not “true” SCNs. It is noteworthy 
to mention that for “true” SCNs based on Ethomeen 18/25 (φ>0.2) the suppression of 
crystalline phase was complete, but for SCNs based on Ethomeen 18/60 there is some 
residual EO crystalline phase. 31 
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(a) 
 
 
 
 
 
 
 
 
 
 
 
(b) 
 
 
 
Figure 2-8 XRD diffractogram of Ethomeen 18/60 and SCNs based on Ethomeen 
18/60 and two different surface functionalized nanoparticles (HS30SIT and 
TM40SIT). Curves are shifted vertically for clarity. XRD diffractogram 
measured at 25 °C.  
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Figure 2-9 DSC curves for SCNs of Ethomeen 18/60-HS30SIT and Ethomeen 
18/60-TM40SIT. DSC curves of the 2nd heating cycle at a heating rate of 10 
°C/min. Curves are shifted vertically for clarity.  33 
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Figure 2-10 DSC curves for SCNs of Ethomeen 18/25-HS30SIT. DSC curves of 
the 2nd heating cycle at a heating rate of 10 °C/min. Curves are shifted vertically 
for clarity. 34 
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Figure 2-11 % Crystallinity vs. volume fraction (φ) of surface functionalized 
nanoparticles.    35 
 
Thus, the molecular weight of the canopy and volume fraction of surface 
modified nanoparticles have a significant role in the conformation of the different 
phases of the canopy in SCNs. These effects have also been observed in the different 
nanofluids that we have reported in the past. In the first generation of nanofluids based 
on surface functionalized SiO2, a complete suppression of the crystalline phase of the 
canopy was observed for two different canopies at low volume fraction of surface 
functionalized nanoparticles (φ=0.13 and 0.27). 
16,25 Cluster-based molten salts, 
15 and 
DNA
20 nanofluids also show a complete suppression of the crystalline phase of bulky 
PEG-containing quaternary ammonium groups. Alternatively, nanofluids based on 
surface functionalized TiO2
20 or ZnO
14 nanoparticles with a charged organosilane ( 
(CH3O)3Si(CH2)3N
+(CH3)(C10H21)2Cl
-) and a canopy of poly(ethylene glycol)-tailed 
sulfonate anion (C9H19-C6H4-(OCH2CH2)20O(CH2)3SO3-) show a low degree of 
suppression of crystallinity of EO. Finally, meltable derivatives of carbon nanotubes 
(CNs) using Ethomeen 18/60 as the canopy, show a very low suppression of the 
crystalline phase of Ethomeen 18/60. 
17      
 
Local Dynamics of Canopy  
DSC and Dielectric Spectroscopy (DS) were employed to characterize the 
local dynamics of the canopy. Access to the associated molecular motions at short 
length scales related to the glass transition and sub-glass transitions dynamics can 
provide detailed insight into the role of the surface functionalized nanoparticles and 
canopy. SCNs made of Ethomeen 18/25 and HS30SIT or TM40SIT were used as 
model materials to understand the role that the size of the surface functionalized 
nanoparticles and their volume fraction have over the local dynamics of the canopy. 
Figure 2-12 displays the DSC traces from the second heating cycle for Ethomeen 
18/25 and SCNs of Ethomeen18/25-HS30SIT at different volume fractions of 36 
 
HS30SIT (φ) normalized by the weight percentage of Ethomeen 18/25. Figure 2-12 is 
equivalent to Figure 2-10a, but expressed in terms of heat capacity (Cp) (heat flow/ 
heating rate) and in narrow temperature range (-100 °C to 40 °C). For pure Ethomeen 
18/25 the Tg, characterized by a step function in Cp, is not observable due to the high 
degree of crystallinity of EO. Even at a very high magnification of Figure 2-12, 
Ethomeen 18/25 still shows only a very weak step function located around –66 °C and 
a specific heat strength (∆Cp) of 0.25 J/gK, which is in the lower end of observed ∆Cp 
(i.e. 0.1 to 2 J/gK) 
42. Alternatively, all SCNs of Ethomeen 18/25-HS30SIT at different 
φ exhibit a well defined step function that is attributed to the glass transition 
temperature (Tg) of the canopy (Ethomeen 18/25). The step function (Tg) is located 
between -44 °C and –48 °C and ∆Cp of ca. 0.95 J/gK. Despite different φ’s the Tg and 
∆Cp were very similar, which indicates that even when SCNs have a small excess of 
Ethomeen 18/25 (φ=0.125 and 0.2) compared to a well balanced SCN (Ethomeen 
18/25-HS30SIT, φ=0.275), the molecular motions near the glass transition of 
Ethomeen 18/25 are fairly comparable. A very similar trend is observed in SCNs of 
Ethomeen 18/25-TM40SIT. Thus the size of the surface functionalized particle as well 
as its volume fraction does not have a considerable effect over the associated 
molecular motions at short length scales determined by the Tg as observed by DSC. 
Due to the unnoticeable Tg of pure Ethomeen 18/25 compared to SCNs of Ethomeen 
18/25, further access to molecular motions associated with Tg and sub-Tg dynamics 
were characterized by dielectric spectroscopy (DS). 37 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-12 DSC curves of SCNs of Ethomeen 18/25-HS30SIT. DCS curves 
expressed as the heat capacity (Cp) calculated from initial DSC curve (Figure 
2-10). 
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Some of the dipole relaxation processes that can influence the complex 
dielectric function (ε) of glass-forming polymers are: i) Below the glass transition 
temperature an Arrhenius temperature activated process (β-relaxation), which 
corresponds to localized reorientations of dipole vector; ii) an α-relaxation process 
that is related to liquid-to-glass transition dynamics and corresponds to the micro-
Brownian segmental motion of chains; and iii) a normal-mode relaxation due to end-
to-end vector (i.e. chain) dynamics. 
26,28 In addition to dipole relaxations, ionic motion 
(i.e. ionic conductivity) due to concentrations gradients or an applied electrical field 
also contributes to ε. Figure 2-13 is an example of the dielectric loss spectra (ε″) as a 
function of frequency (f=ω/2π) for Ethomeen 18/25 at selected temperatures. Similar 
dielectric loss spectra were observed for all measured samples. At temperatures above 
the calorimetric Tg, ε″ reveals a single α-relaxation and an ionic conductivity term that 
dominates at low frequencies; below Tg only a single β-relaxation is observed. At each 
temperature the dielectric spectra was fitted to the Havriliak and Negami (HN) 
equation  
 
()( )
() () () []
β α ωτ ε
ε ω ε
T i T
T T
HN +
=
∆
− ∞
1
1 ,
                               (2-2) 
    
where τHN(T) is the characteristic relaxation time, ∆ε(T)= ε0(T)-ε∞ (T) is the relaxation 
strength, and α, β describe respectively, the symmetrical and asymmetrical broadening 
of the distribution of the relaxation times of the probed dynamic process; ε0 and ε∞ are 
the limiting values for ε′ at low and high frequencies, respectively. The fitting 
procedure at each temperature is based on the dielectric loss spectra (ε″(ω)). The linear 
rise of ε″(ω) at low frequencies is caused by conductivity and its contribution is ε″~ (σ 
0/εfω), where σ0 is the dc conductivity and εf is the permittivity of free space, is added 39 
 
to equation (2-1). An example of the fit to the experimental data using (2-1) plus the 
conductivity contribution is shown in Figure 2-13. 
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Figure 2-13 Dielectric-loss ε′′(ω) spectra for Ethomeen 18/25 shown at selected 
temperatures. The spectra show one main relaxation process and ionic 
conductivity at temperatures about Tg. The lines is the results an example of the 
fit of the T = 262.15 K curve to the summation of the HN functions and the 
conductivity contribution.  40 
 
For τHN, the relaxation time at maximum loss τmax, was obtained from  
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The extracted relaxation times τmax for Ethomeen 18/25 and SCNs based on 
Ethomeen18/25 are represented in an Arrhenius form in Figure 2-14. There is a single 
α-process associated with the liquid-to-glass transition for Ethomeen 18/25 and SCNs 
based on Ethomeen18/25. This α-process for Ethomeen 18/25 is faster than any of the 
α-process observed in SCNs based on Ethomeen18/25 for different volume fractions 
of surface functionalized nanoparticles of HS30SIT or TM40SIT. Thus, it can be 
implied the molecular motions associated to Tg of Ethomeen 18/25 (primarily of PEG 
groups) when used as a canopy in SCNs are hindered due to the electrostatic 
interactions. A working hypothesis is that in the process of screening the charge on the 
surface of the functionalized particles (i.e. sulfonic groups), the protonated amine 
group that is tethered to PEG will tend to reside in a compact double layer around the 
nanoparticle and restricting the segmental motions related to Tg of ethylene oxide 
units. This restriction of the PEG chains near the surface of the functionalized 
nanoparticles slows the molecular motions related to Tg and thus increases their 
characteristic relaxations time (τα). Restriction of PEG oligomers have been observed 
in the literature for highly confined systems of ethylene oxide (EO) chains attached to 
para(phenylene) (PPP) rigid matrix, 
43, poly(ethylene oxide) chains grafted between 
silica nanoparticles, 
44 and hybrid PEG inorganic gels. 
45 The parametrization of the 
τmax(T ) for the α-process (τα(T )) is performed with the Vogel-Tammann-Fulcher-
Hess (VTFH) equation  
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where T0 is related to the temperature where the configurational transitions become 
zero and it is generally regarded as a value of 20 to 50 °C below Tg. 
26,46 For this work 
T0=Tg-C2, where Tg is measured by DSC and C2=50 K, typical for most glass-forming 
systems. 
47 τ0 is related to the limiting value (in ps) of the relaxation times at very high 
temperatures and B is related to an activation parameter. By fixing T0=Tg-C2, where 
the Tg is measured by DSC we can limit the number of adjustable parameters in (2-3). 
The values for τ0 and B for the α-process of Ethomeen 18/25 and SCNs based on 
Ethomeen18/25 are listed in Table 2-4. For Ethomeen 18/25 the Tg value used was that 
of PEO (i.e. – 60 °C) 
46 reported in the literature, since the Tg was undetectable in 
DSC. For SCN based on Ethomeen 18/25, T0 = 176.4 K, which corresponds Tg = -46.8 
°C that is an average value observed in DSC for all the SCN based on Ethomeen 
18/25. As φ of HS30SIT or TM40SIT increases in SCNs the values for τ0 also 
increase, suggesting that as the concentration of surface functional nanoparticles 
increases, the canopies (i.e. Ethomeen 18/25) segmental mobility associated with the 
PEG groups is increasingly hindered due to the decrease of “free canopy”.  In 
addition, the values of B can be related to an activation energy by Eα=BR, where R is 
the gas constant. The values of Eα are in the range of 12 to 17 kJ/mol, comparable to 
values for glass-forming systems and also to the first generation of SCNs where the 
canopy had similar PEG groups. 
25,47  
Additionally, sub-glass dynamics (β-relaxation) of Ethomeen 18/25 and SCNs 
based on Ethomeen18/25 at different φ of HS30SIT or TM40SIT are found to be very 
similar. At temperature below Tg, the localized reorientation of dipoles follows 
Arrhenius temperature dependence,  
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For the activation energy (Eβ) a narrow range of values from 38 to 35 kJ/mol 
was found for different SCNs. These values are in range for polymeric materials
26 and 
also close to values seen for the first generation of SCNs. 
25   
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Figure 2-14 Relaxation map of Ethomeen 18/25 and SCNs of Ethomeen 18/25-
HS30SIT and Ethomeen 18/25-TM40SIT at different volume fractions of surface 
functionalizes nanoparticles (φ).  43 
 
Table 2-4 Parameter of VTF equation and Arrhenius equations for Ethomeen 
18/25 and SCNs of Ethomeen 18/25-HS30SIT and Ethomeen 18/25-TM40SIT. 
Sample (Relaxation)   τ0 [s]  B [K]  T0 [K]  Eβ 
[kJ/mol] 
Ethomeen 18/25 (α)  2.5×10
-11 1799.4  ± 89.4  163.2   
Ethomeen 18/25 (β)  3.6 ×10
-16    38.1 
Ethomeen 18/25-HS30SIT        
φ=0.125 (α)  1.9×10
-12 1993.0  ± 81.8  176.4   
φ=0.125 (β)  1.6×10
-15     35.1 
φ=0.2 (α)  7.4×10
-11 1643.9  ± 62.6  176.4   
φ=0.2 (β) 1.6×10
-15     34.6 
φ=0.275 (α)  6.8×10
-10 1392.9  ± 49.9  176.4   
φ=0.275(β)  1.4×10
-15     36.5 
Ethomeen 18/25-TM40SIT       
φ=0.125 (α)  5.4×10
-12 1750.5  ± 52.5  176.4   
φ=0.125 (β)  1.7×10
-15     35.5 
φ=0.2 (α)  7.4×10
-11 1643.9  ± 62.6  176.4   
φ=0.2 (β)  1.0×10
-15     38.0 
 
As was mentioned earlier, ion conduction also contributes to the complex 
dielectric function and can be characterized by DS. In general terms, ionic 
conductivity is proportional to the mobility and concentration of the ionic species. 
48 
Figure 2-15 represents the Arrhenius plot of ionic conductivity of Ethomeen 18/25 and 
SCNs based on Ethomeen18/25 at different φ of HS30SIT or TM40SIT. Ethomeen 
18/25 has in intrinsic ionic conductivity due to metal impurities (e.g. Na
+, Mg
+2). In 
the range of 130 °C to 5 °C, Ethomeen 18/25 follows a conductivity characteristic of 44 
 
liquid-like (i.e. non-linear function in an Arrhenius plot). As the temperature is further 
decreased there is a step function, located ca. 0 °C, due to the some crystallization of 
EO units. At temperatures below the crystallization temperature ion conduction is still 
present due to coordinated motion of EO with metal impurities. 
37,39,40 Ionic 
conductivity for SCNs of Ethomeen 18/25 is a function of the volume fraction (φ) of 
HS30SIT or TM40SIT and not the size of the surface functionalized nanoparticles. At 
high temperatures (>100 °C) ionic conductivity of SCNs increases with increasing φ 
of HS30SIT or TM40SIT as a result of the increase in concentration of protonic 
species that are available to conduct, either by diffusion of protonated amine groups or 
coordinated motions with EO units. At low temperatures, close to the crystallization 
point of Ethomeen 18/25 (between 0 and 6 °C), SCNs with φ =0.125 and 0.2 have 
considerable decrease in ionic conductivity due to the crystallization of Ethomeen 
18/25. In addition this transition of crystallization of Ethomeen 18/25 is not as clear as 
that observed for pure Ethomeen 18/25 and thus the suppression of crystalline regions 
of the canopy (seen in DSC and WAXS) by the presence of surface functionalized 
nanoparticles is also observed in ionic conductivity. Furthermore, below the 
crystallization temperature of Ethomeen 18/25, ionic conductivity of SCNs with φ 
=0.125 and 0.2 is lower than that of pure Ethomeen 18/25, despite the concentration of 
ionic species is higher in the SCNs. This effect is probably due to the restricted 
molecular motions of EO units (α-relaxation (Figure 2-14)) that aid ionic conduction. 
Finally, for SCN with a φ =0.275 of HS30SIT no transition is observed at or near the 
crystallization of Ethomeen 18/25, indicating a total suppression of crystallization of 
Ethomeen 18/25, as observed in DSC (Figure 2-10). The increased conductivity of 
SCN with φ =0.275 compared to SCNs with φ = 0.125 and φ = 0.2 at temperatures 
below the crystallization point of Ethomeen 18/25 is due to the increased amorphous 
phase that is available for ionic conduction of SCNs with φ =0.275 compared to SCNs 45 
 
with φ = 0.125 and φ = 0.2. Similar trends have been observed for lithium conductivity 
in PEO-nanocomposites where different nanoparticles suppress the crystalline phase 
of PEO and increase the ionic conductivity at low temperatures. 
37,40,49,50 
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Figure 2-15 Arrhenius plot of ionic conductivity for Ethomeen and SCNs of 
Ethomeen18/25-HS30SIT and Ethomeen18/25-TM40SIT. 46 
 
Structure of Single Component SiO2 Nanocolloids  
The structure of SCNs was characterized by small angle X-ray scattering 
(SAXS). Characterization of colloidal suspension by SAXS gives a wide range of 
information at different lengths scales depending on the range of scattering vectors 
explored (q =4π/λ*sin(θ), where λ is the wavelength, and 2θ is the scattering angle). 
The scattered intensity (I(q)) measured in a SAXS experiment is proportional to a 
form factor (F(q)) that determines the size and shape of the scattering entity and a 
structure factor (S(q)) related to the interparticle correlations. 
51,52 
( ) ( ) ( ) q S q F q I ∝                                             (2-6) 
In some cases the primary interest is to find the form factor (i.e. size and 
shape) of individual particles and in the limit of dilution S(q)→1. 
35 As the 
concentration increases there is additional scattering due to interparticle interference 
and S(q) has to be taken into account to calculate I(q). 
53,54 The following section 
summarizes our first attempt to analyze the scattering patterns for different SCNs 
where general trends can be deduced. A complete analysis based on modeling of the 
different scattering curves to a form factor of spherical particles and a structure factor 
is work in progress based on models proposed by Heinesy et al. or Percus et al. 
(reviewed by Kinning et al). 
53,55,56 Figure 2-16 represents the SAXS patterns of 
HS30SIT in water at different volume fractions (φ=0.125 and φ=0.35). In addition, 
Figure 2-16 also includes the theoretical scatting curve of monodisperse spherical 
particles with a sharp edge and a radius of 8 nm calculated with the following equation 
35,51,54,57 
( ) ( ) ( ) qR Kv q KF q I
2 2
0Φ = =                                  (2-7) 
where ν0
2 is the sphere volume and 
()
()
() () [] qR qR qR
qR
qR cos sin
3
3 − = Φ                          (2-8) 47 
 
At low q values the curve plateaus to a constant value, which is a function of 
the difference between electron density of the scattering particle and the dispersion 
medium, and the number of scattering entities. 
51 Moving to larger values of q the 
interference of contributions from different parts of the particles gives rise to fringes in 
the intensity function. 
35 At low q values (q<0.4 nm
-1), HS30SIT in water at φ = 0.125 
behaves very similar to the theoretical scattering pattern of particles with a radius of 8 
nm. The low upturn in this q range is an indication of a low contribution in the 
scattering signal due to interparticle interference (structure factor). In addition, at q > 
0.4 nm
-1 the fringes seen in the theoretical scattering curve are washed out for 
HS30SIT in water at φ = 0.125 due to a size polydispersity (PDI = standard deviation / 
mean) larger than 7%. The scattering pattern of HS30SIT in water with φ = 0.35 has a 
very different pattern in the low q range (q<0.4 nm
-1), it shows an upturn in the 
scattered intensity due to interparticle interference which is interpreted as correlation 
between particles. The changes in the scattering patterns correspond to an ordered 
structure with the length scale of 62 nm (d =2π/q, where d is characteristic spacing).   
Figure 2-17 represent the scattering patterns for SCN of Ethomeen 18/25-
HS30SIT at different volume fractions (φ) of HS30SIT. Based on the previous 
analysis, SCN of Ethomeen 18/25-HS30SIT shows at the low volume fraction (φ= 
0.125) interparticle correlations characterized by an upturn in the intensity at low q 
values. Thus the structure of the SNC is very different then that of a colloidal 
suspension of HS30SIT nanoparticles in water at the same volume fractions (φ = 
0.125).  In fact, the SAXS pattern for the SCN at a volume fraction of φ = 0.125 is 
very comparable to that of a colloidal suspension of HS30SIT nanoparticles in water at 
a volume fraction of φ = 0.35. For SCNs the slope of the curve at low q (q<0.2) 
reaches a maximum for φ = 0.2, and then decreases as φ increases. For SNC with φ = 
0.35 the scattering curve is flat over a large range of q (0.1 to 0.3 nm
-1) indicative of 48 
 
uniform densities at length scales up to 62 nm. Thus, SCNs with very high φ show an 
amorphously dense packed structure. In comparison to first generation of SCNs, which 
showed interparticle correlations only at φ=0.27, SCN based Ethomeen 18/25-
HS30SIT show interparticle correlations at lower volume fractions and thus different 
structures. 
25 Future effort is being devoted to develop a working theory behind the 
difference between the different structures of first and second generation of SCNs and 
to link the global structure to the global dynamics (i.e. rheology measurements) 
observed for these materials. In conclusion, SAXS characterization of SCNs showed 
that even at low φ of HS30SIT there was a interparticle correlation and as the φ of 
functionalized nanoparticles increased the materials showed characteristics of an 
amorphously dense packed material.   
0.1 1
10
-3
10
-2
10
-1
10
0
10
1
10
2
 
 
 φ=0.125
 φ=0.35
 R=8.0 nm (Model)
I
n
t
e
n
s
i
t
y
 
(
A
r
b
.
 
U
n
i
t
s
)
q (nm
-1)
HS30-SIT-H
2O
 
Figure 2-16 SAXS pattern of HS30SIT in water at different volume fractions of 
HS30SIT (φ). Scattering pattern obtained through azimuthal integration over the 
full 2D diffractogram. q = 4π/λ sinθ, λ=1.54Å, 2θ scattering angle. Measurements 
done under vacuum. 49 
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Figure 2-17 SAXS pattern of SCN of Ethomeen 18/25-HS30SIT at different 
volume fractions (φ) of HS30SIT. Curves displace vertically for clarity. Scattering 
pattern obtained through azimuthal integration over the full 2D diffractogram. 
q=4π/λ sinθ, λ=1.54Å, 2θ scattering angle.  
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CONCLUSIONS 
The synthesis platform described earlier produces a “second generation” of 
single component silicon dioxide nanocolloids where the ratio of the constituents was 
straightforwardly varied to study their individual contributions. It was found that the 
surface functionalization of nanoparticles is controlled by the pH of the condensation 
reaction and that the size distribution of surface functionalized nanoparticles is similar 
to that of the starting core nanoparticle. In addition, once the core nanoparticles were 
surface functionalized the formation of the SCNs was based on neutralizing the 
sulfonic protons with a bulky, tertiary PEG-tailed amine with no need of washing or 
other extra steps to produce high purity products.  
By varying the ratio of surface functionalized nanoparticles to canopy, the 
suppression of the crystalline phase of the canopy was investigated. It was established 
that the suppression of crystalline regions of the canopy was due to confinement 
effects imposed by the presence of the surface functionalized nanoparticles. Moreover, 
the degree of suppression of the crystalline phase of the canopy was a function of the 
molecular weight of the canopy and volume fraction of surface functionalized 
nanoparticles, but was not influenced by the size of the surface functionalized 
nanoparticle.   
It was found that at temperatures below the melting point of the canopy, the 
associated molecular motions at short length scales related to the glass transition of the 
canopy were hindered due to the electrostatic interaction between the canopy and the 
surface charged oligomer corona. A theoretical account to this finding is still 
unavailable, but a working theory is that in the process of screening the charge on the 
surface functionalized particle (i.e. sulfonic groups), the protonated amine group that 
is tethered to PEG will tend to reside in a compact double layer around the 
nanoparticle and restricting the segmental motions related to Tg of ethylene oxide 51 
 
units. This restriction of the PEG chains near the surface of the functionalized 
nanoparticles slows the molecular motions related to Tg and thus increases their 
characteristic relaxations time (τα).     
Finally, the structure of SCNs were characterized by SAXS. It was found that even at 
the lowest volume fractions (φ=0.125) studied there were interparticle correlations 
characterized by an upturn in intensity at low q values. In addition, at φ= 0.35 the 
material was characterized as having an amorphously dense packed structure with 
uniform densities at length scales up to 62 nm. 
 
FUTURE WORK 
Although a great deal of characterization has been performed on SCNs, there is 
still a great deal of work left to do.  First of all, little is still known about the structure 
of SCNs, so a detailed analysis of the phase behavior of these new materials is needed. 
Synchrotron x-ray radiation will be ideal to perform small-angle x-ray measurements.  
It has been shown that this powerful technique has the possibility of yielding 
information on the long-range structure of colloidal particles. 
58 It is also crucial to 
determine the role of each constituent in global dynamics of the SCNs. For example, it 
is still unknown what effect the particle size and surface charge have on the dynamics 
of the fluid. In addition, the role of the canopy on the phase diagram of SCN is still to 
be determined. It has been observed in the literature, that the addition of small 
polymer molecules to a colloidal suspension can lead to very interesting phase 
behavior, the polymer may act as a depletant or stabilizer. 
59-62 To probe these effects 
it will be necessary to study in detail the forces between the nanoparticles in the 
presence of the canopy. Several techniques have been developed to study such forces, 
but these are limited to particles and surfaces on the micron size scale. 
63 A novel 
approach has been developed Calderon et al. that allows direct force measurements 52 
 
between colloidal particles with sizes on the nanometer length scale called magnetic 
chaining technique (MCT). 
64 This procedure would involve synthesizing super 
paramagnetic single component nanocolloids, similar to the ones synthesized in the 
first generation of SCNs. 
16   
Also, further studies are necessary to understand how the canopy interacts with 
the surface of the nanoparticle (due to the electrostatic attraction of the canopy and the 
charged oligomer corona).  To probe these interactions techniques such as small angle 
neutron scattering, 
65 and nuclear magnetic resonance (NMR) 
66 can possibly give 
some insights on the density profile of the canopy on the surface of the particle. 
Finally, a comparison with conventional colloids must be made.  In particular, 
how does the rheology of SCNs compare to the rheology observed in colloidal 
suspensions?  How are the dynamics (i.e. Brownian motion) of the particles in SCNs 
different from those observed in a conventional solvent?  There is vast amount of 
literature on the Rheological behavior of colloidal suspensions, 
67-70 making a direct 
comparison with the Rheological behavior of SCNs possible. 53 
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CHAPTER 3   
“NAFION NANOHYBRID MEMBRANES AS PROTON CONDUCTING 
MATERIALS” 
INTRODUCTION 
Polymer electrolyte membrane fuel cells (PEMFCs) are energy conversion 
systems that transform chemical energy into electrical energy with high efficiency, 
low emission of pollutants and are suitable for a wide range of applications. Liquid-
fed direct methanol fuel cells (DMFC) have an advantage over hydrogen-fed fuel cells 
due to a higher energy density per unit volume, existing infrastructure for fuel 
management, and methanol production can be based on biomass resources or natural 
gas. 
1 However, several drawbacks must be overcome before DMFCs become a 
competing alternative to internal combustions engines. One major drawback in 
DMFCs is the low oxidation kinetics of methanol at temperatures below 100 °C, 
which leads to low efficiencies, compared to hydrogen-fed fuel cells. 
2 Therefore, 
increasing the temperature range would increase the electro-oxidation activity and 
improve the performance of DMFCs. Unfortunately, state-of-the-art electrolytes such 
as perfluorosulfonic acid (PFSA) polymer membranes, show a loss of performance at 
temperatures above 80 °C due to decreasing conductivity under poorly hydrated 
environments. 
3 A second major drawback is a high methanol crossover in the polymer 
membrane from the anode to the cathode, which leads to depolarization of the cathode 
and conversion losses in terms of lost fuel. 
4,5 Thus, polymer membranes used in 
PEMFC and DMFC should demonstrate to be electric insulators, high ionic 
conductivity (>0.1 S/cm) in a wide range of temperature and hydrations conditions, 
low fuel impermeability, mechanical robustness, chemical inertness, electrochemical 
stability, extended life cycles and a low price associated to their production and 59 
 
assembly. Thus, the development of polymer electrolyte membranes with all the above 
properties is of great importance for the advancement of fuel cell technology. 
Different approaches have been used to improve the performance of the 
polymer membranes used in DMFCs. They can be classified into three groups: (1) 
modified PFSA membranes, (2) alternative sulfonate polymers (e.g. sulfonated 
polyaromatics and polyheterocyclic), and (3) acid-base polymers (e.g. phosphoric 
acid-doped polybenzimidazole (PBI)). 
6,7 Our field of study will concentrate on 
modified PFSA with inorganic nanoparticles. The majority of well-developed DMFC 
technology is based on perfluorosulfonic acid (PFSA) polymer membranes as the 
electrolyte. 
8,9 PFSA polymers (e.g. Nafion, Aciplex-S and Dow) have a Teflon-like 
molecular backbone with perfluorosulfonic acid side chains (Figure 3-1); this 
architecture gives the material morphological stability and excellent long-term 
stability in both oxidative and reductive environments (60,000 h under typical fuel cell 
conditions). 
3 The combination of an extremely hydrophobic perfluorinated backbone 
with the extremely hydrophilic sulfonic acid functional groups gives rise to 
hydrophobic/hydrophilic regions in the nanometer scale. The size of the hydrophilic 
regions (or ionic clusters) is given by the balance between hydrophilic surface 
interactions with the ion exchange sites and the energy of elastic deformation of the 
polymer backbone. 
10 When the ionic clusters are hydrated, protonic charge carrier’s 
form by dissociation of sulfonic groups and proton conductance assisted by water 
dynamics occurs. Water content, concentration of ionic species and connectivity 
between ionic clusters are main features that impact the overall protonic conductivity 
of a PFSA membrane. Methanol permeation is also thought to occur primarily, but not 
exclusively, through these ionic clusters. 
5, 
11 Therefore, by introducing inorganic 
nanoparticles with specific functionalities into the ionic clusters of PFSA membranes, 
the original properties of the polymer matrix might be greatly enhanced.  60 
 
(a) 
(b)   
Figure 3-1 Molecular Structures of perfluorosulfonic acid (PFSA) polymers.  (a) 
PFSA polymers with long side chains (e.g. Nafion) and (b) PFSA polymers with 
short side chains (e.g. Dow).  
Table 3-1 is a summary of inorganic nanoparticles that have been used to 
modify PFSA membranes. They can be classified in to two categories: (A) 
hydroscopic oxides, or (B) solid inorganic proton conductors. Hydroscopic oxides are 
used due to their water adsorption properties at high temperature (> 130 °C), thus 
increasing conductivity and performance in DMFC and PEMFC (H2/O2). 
12,13 The 
governing mechanism of water retention is based on a decrease in the chemical 
potential of water inside the membrane. This water retention facilitates proton 
conduction and reduces evaporation of water under partially hydrated environments, 
as those seen DMFC and PEMFC (H2/O2) at high temperatures. 
7 Among the solid 
inorganic proton conductors, heteropolyacids (e.g. PWA, SiWA), 
14 zirconium 
phosphates (e.g. α-ZrP, ZrPPh), 
15,16 and other hybrid materials 
17 have also been used 
as modifiers of PFSA. These materials are also hydrophilic additives with water 
molecules strongly hydrogen-bonded to the ions or dipoles in the inorganic material; 
CF2 CF2 CF2 CF
OC F 2 CF2 SO3H
n x
CF2 CF2 CF2 CF
OC F 2 CF CF3
OC F 2 CF2 SO3H
n x61 
 
additionally, due to their acidic properties, they may also increase proton conductivity 
by providing additional solvent and increasing proton density. 
18  
 
Table 3-1 Summary of Inorganic Modifiers   
Modifier Remark  Ref.   
SiO2-fumed silica  DMFC (O2), 3% wt/wt: 145 °C, 240 mW cm
-2 (max) and 
0.6 A cm-2 at 0.4V. 0.18 Ω cm
2 & MeOH cross over rate 
4×10
-6 moles min
-1cm
-2  
19,20 
SiO2/siloxane polymer   DMFC (O2), 12.5% wt/wt:  125 °C, 0.65 A cm-
2 at 0.5V. 
0.07 S/cm (RT) and 3.1×10
-6 moles s
-1cm
-2.   
12 
SiO2/siloxane polymer  PEMFC (H2/O2), 6% wt/wt: 130 °C & 3 atm, 1.55 A cm-2 
at 0.4V. 20 h of sustained current density  
13,21 
SiO2, Al2O3, ZrO2  DMFC (O2), 3% wt/wt: 145 °C & 2.5 atm, Current density 
(A cm
-2) at 0.5V:  0.48 (SiO2) , 0.44(ZrO2), 0.2 (Al2O3)  
22 
SiO2-Pt  PEMFC (H2/O2): 90°C, 2.5 A cm
-2 at 0.4V  23 
PWA, SiWA, PMoA, 
SiMoA 
80 °C and 75 % RH Conductivity (S/cm): 0.08 (SiWA) vs. 
0.06 (Nafion) 
14 
SiO2-PWA, SiWA  DMFC (O2), 3% wt/wt: 145 °C 0.75 A cm
-2 at 0.4 V  24,25 
SiO2-PWA  PEMFC (H2/O2), 5% wt/wt: 110 °C 0.5 A cm
-2 at 0.4 V vs. 
0.095 A cm
-2 for Nafion. 4×10
-3 S/cm at 20% RH & 100 °C 
vs. 1×10
-3 Nafion  
26 
α-ZrP DMFC,  (O2), 23% wt/wt: 145 °C 0.38 A cm
-2, no 
humidification  
15 
α-ZrP PEMFC  (H2/O2), 5% wt/wt: 130 °C 1.5 A cm
-2 at 0.45 V 
vs. 0.25 A cm
-2 at 0.45 V of Nafion 
27 
ZrPPh  0.16 Ω cm
2 at 150°C and 95% RH   16 
Sulfonated 
phenethyltrimethoxysilane 
0.2 S/cm at 80 °C and 100% RH  17 
 
This study aims at modifying Nafion membranes with nanoclays and hybrid 
SiO2 nanostructures that contain proton-conducting groups. Smectite clays are a type 
of layered silicates or nanoclays that are naturally occurring (e.g. Montmorillonite, 
Hectorite and Bentonite, etc.) or synthetically prepared (e.g. Fluorohectorite and 
Laponite). Their general characteristics include platelet structures, with layer 
thicknesses of ca. 1nm and lateral dimension ranging from ca. 25 nm to 5 µm. Due to 
their molecular structure (Si-Al-Mg-O sheets), the platelets are charged negatively and 
their charge is counterbalanced by hydrated cations; typical cation-exchange capacities 
of nanoclays are between 0.65 and 1.50 meq/g.
28 Nanoclays have shown high proton 62 
 
conductivity (0.6×10
-2) and are hydroscopic materials with water adsorption over 130 
°C.
29 Also, polymer nanocomposites based on nanoclays have shown to highly reduce 
gas permeability due to the high aspect ratio and dispersion of the nanoclay. 
30 
Therefore, nanoclays are interesting candidates as Nafion modifiers due to their 
proton-conducting properties and potential to reduce methanol permeability. In 
addition, a novel variation of SiO2-modified Nafion was also synthesized. These 
hybrid materials are tailored to include sulfonic acid sites that are covalently bonded to 
the surface of SiO2 nanoparticles. Thus, our focus will be to develop structure-
properties relationships in modified Nafion membranes by understanding how the 
nanostructure of the polymer matrix, proton-conductivity and methanol permeability 
are affected by the presence of different proton-conducting nanoparticles. 
 
EXPERIMENTAL 
Preparation of acid-Montmorillonite (H
+MMT)  
The interlayer cation of the Montmorillonite (Nanocor Inc.) was exchanged 
from its native sodium (Na
+-MMT) form to its protonic (H
+MMT) form using an ion-
exchange resin (DOWEX
 HCR-W2). A 2% wt/wt dispersion of Na
+-MMT in 
deionized water (18.2 MΩ*cm) was prepared by mixing in an ultrasonic bath for 1 
hour, followed by two hours of stirring at room temperature. The dispersion was 
passed through the ion exchange resin three times to ensure a full exchange  of sodium 
ions. The exchanged dispersion was then centrifuged for 10 minutes at 10,000 rpm,, 
and the centrifuged solids were dried under vacuum over night at room temperature. 
The modified product was grinded, sieved in an 80-micron sieve, and redispersed in 
deionized water. 63 
 
Synthesis of Sulfonated-SiO2 nanoparticles (HS30/SIT) 
Surface modified silica nanoparticles were prepared by condensation of 3-
(trihydroxysilyl)-1-propanesulfonic acid (SIT) with surface silanol groups. Colloidal 
silica (HS30 from Ludox) was diluted with DI water to a concentration of 3.75% 
wt/wt of silica. To the suspension, a dilute solution of SIT (8% wt/wt) was added 
dropwise while stirring. The pH of the suspension was adjusted to pH=5 by adding an 
appropriate amount of NaOH solution (1M). This clear suspension was left to react 
overnight at 70 °C while stirring. To eliminate unreacted SIT, the suspension was 
purified by dialysis using a membrane tube (Spectra/Por RC Biotech Membrane, 15K 
MWCO) in DI water overnight. After dialysis, sodium ions were exchanged to proton 
ions using an acid-exchanged resin column (DOWEX
 HCR-W2). The suspension 
was passed 3 times through the packed column to ensure full exchange of sodium ions. 
Weight percentage of sulfonic acid modified silica nanoparticles in suspension was 
measured by thermo-gravimetrical analysis (TGA). Equivalent weight of the sulfonic 
acid silica nanoparticles was estimated by titrating to pH=7 a known amount of the 
suspension with a solution of 0.05M NaOH. 
Synthesis of Sulfonated-SiO2 network (SIT:TEOS) 
Sulfonated silicon dioxide networks were prepared by sol-gel reactions. 
Tetraethoxysilane (TEOS) was hydrolyzed in the presence of 3-(trihydroxysilyl)-1-
propanesulfonic acid (SIT) and water over a period of 4 hours under stirring. A 
SIT:TEOS molar ratio of 2:1 was used and will be referred as SIT:TEOS (2:1). 
Additional condensation reactions between hydrolyzed TEOS and SIT was performed 
once the solution of SIT:TEOS (2:1) was mixed in with Nafion and solvent cast. 
During the solvent cast procedure, water is evaporated, thus promoting polymerization 
and cross-linking between hydrolyzed TEOS and SIT. This procedure is similar to that 
used by Adejemian et al. to form a silicon dioxide network. 
21 Our goal was to produce 64 
 
a protonic conducting silicon dioxide network with active sulfonic acid sites that 
would not only act as hydroscopic material for water retention, but also as a source of 
active protonic groups.           
Synthesis of Nanohybrid Membranes  
A solvent casting technique was used to synthesize nanohybrid membranes. 
Two different Nafion
 dispersions were used: (1) 5% wt/wt Nafion dispersion in a 
mixture of low aliphatic alcohols (3-propanol, ethanol and others) and water (Aldrich 
274704), and (2) 10 % wt/wt Nafion dispersion in water (Ion-Power DE 1021). In both 
cases, the Nafion had the same total acid exchange capacity (1.03-1.12 meq/g, H
+ 
polymer basis). 
31 Nafion and the dispersion of nanoparticles in water were mixed in 
an ultrasonic bath for 2 hours, followed by overnight stirring at room temperature. 
Different concentrations of nanoparticles (H+MMT or SM30/SIT) in the polymer 
membrane were obtained be varying the amount of nanoparticle dispersion added to 
the Nafion. In general, 500 mg of dry Nafion was used as a basis to calculate the 
appropriate amount of nanoparticles needed for a certain concentration of 
nanoparticles in the final membrane.  
Two different solvent casting procedures were used to prepare nanohybrid 
membranes. The first involves placing the solution in an oven at 75 °C overnight over 
a glass substrate, this approach was used for both type of Nafion dispersions (low 
aliphatic alcohols with water, and water-based dispersions). In the second procedure 
the dispersion is placed in a high-pressure chamber at 180 °C and 180 psi for 8 hours. 
Dry nitrogen (N2) is continuously fed to the chamber to maintain a constant pressure 
of 180 psi and ensure a low water content in the vapor phase. The latter procedure is 
used for water-based dispersion on glass substrates. As will be discussed later, solvent 
casting a water-based dispersion of Nafion at high temperature yields freestanding 
membranes with improved dispersion of nanoparticles and mechanical properties. 65 
 
After the nanohybrid membranes were formed, they were post-treated with standard 
procedures for Nafion films: (1) boiling in 3% by volume H2O2 for 1 h to remove 
organic impurities; (2) boiling in 0.5M H2SO4 for 1 h;  (3) rinsing twice in boiling 
deionized water for 1 h. 
19,21 Membranes were then surface dried and stored in glass 
vials. 
Characterization 
Proton conductivity was measured at room temperature under a controlled 
relative humidity (RH) environment in a closed vessel. The relative humidity inside 
the chamber was controlled with different saturated salt solutions and measured with a 
Fisherbrand Traceable Digital Humidity/Temperature Meter. 
32 The cell was 
suspended above the equilibrating solution for 8 h before each measurement to ensure 
equilibration of water content of the membrane. The cell used to measure protonic 
conductivity had a “window” structure to allow membrane equilibration in situ.
33 The 
resistance of the membrane was measured by AC impedance spectroscopy (HP 
4192A, LF Impedance Analyzer) scanning a frequency range of 5Hz to 13MHz, with 
amplitude of 10 mV. The resistance value of the membrane was taken from the 
intercept of the real axis in the intermediate frequency domain of the impedance 
spectrum. The equation to calculate conductivity (σ) is given by  
lwR
d
= σ                                                      (3-1) 
where d is the distance between the two platinum electrodes, l and w are the thickness 
and width, respectively; and R is the measured resistance of the membrane. 
Methanol permeability of each membrane was measured using a side-by-side 
glass diffusion cell at room temperature (Figure 3-2). 
34 Prior to all experiments, 
membranes were hydrated for at least 12 h in DI water. Membranes are placed in 
between the two well-stirred chambers, with Teflon rings between the glass and the 66 
 
membrane to prevent leaks. Initially, chamber (A) of the cell is filled with 2.0 M 
methanol solution, and chamber (B) is filled with deionized water. The amount of 
methanol that permeates through the membranes is quantified by measuring the 
concentration of methanol in chamber (B) as a function of time. The concentration of 
methanol in chamber (B) is measured by Gas Chromatography with a Flame 
Ionization Detector (GC-FID, HP 5890) with a Supelcowax-10 fused silica capillary 
column (60m x 0.53 mm i.d., 0.5 µm films thickness; Supelco Inc.).    
 
Figure 3-2 PermeGear PermeGear horizontal cell, used in methanol permeability 
measurement.  (www.permegear.com). 
The flux of methanol through the membrane can be determined by an 
approximation to the solution of the continuity equation for diffusion in plane sheet 
geometry given by 
35,36 
A
B
B C
L
K D
A
dt
dC
V
⋅
=                                              (3-2) 
where CA and CB are the concentration of methanol in compartment (A) (CA= 2 M) 
and compartment (B), A and L are the cross-sectional  area (0.636 cm
2) and thickness 
of the membrane, respectively; VB is the volume of compartment (B) (VB=3.4 cm
3), 
and  D and K are the methanol diffusion coefficient and partition coefficient between 67 
 
the membrane and the adjacent solution, respectively. Considering that D and K are 
constant, the latter equation can be solved to give  
() () 0 t t
L V
AC
P t C
B
A
B − =                                             (3-3) 
P is the membrane permeability, defined as the product of DK. The term t0 is termed 
time lag, and is explicitly related to the diffusion coefficient: t0=L
2/6D. 
37 By 
measuring CB as a function of time, methanol permeability of a membrane can be 
calculated by the slope of the curve. CB was monitored during a typical 2 h period 
where every 20 min a sample of 10 µl was drawn from the compartment (B); the 
concentration of methanol for each sample drawn was measured 3 times by injecting 1 
µl through the GC-FID using a microsyringe (Hamilton 84875). 
Thermogravimetric (TGA) analysis of the nanohybrid membranes was 
performed on a TA Instruments Q500 Thermogravimetric Analyzer in a temperature 
range of 25 °C to 550 °C at a heating rate of 10 °C/min under a N2 atmosphere.  
X-ray diffraction (XRD) measurements of all samples were analyzed using a 
Scintag PAD X diffractometer with a Cu Kα source (1.54 Å) operating at 45 kV and 
40 mA. Scans were made from 1.0° to 30° 2θ at a rate of 1° per minute. The slits used 
were 1° and 2° for the source and 0.3° and 0.5° for the detector (N2 cooled solid-state 
Ge), respectively, with wider angles closer to the sample. Low-background quartz 
sample holders were used in all cases.  
Small angle X-ray scattering (SAXS) was done on two different SAXS 
apparatus. The first small (Apparatus A) angle X-ray scattering (SAXS) data were 
obtained using an RU-3HR Cu rotating anode X-ray generator (Rigaku, The 
Woodlands, TX) directed through a nickel filter and collimated with orthogonal 
Franks mirrors (qmin = 0.02 A
-1). 
38 Tantalum slits at the sample stage trim the beam to 
approximately 1 mm × 1 mm with an average flux of 2×10
7 X-rays/second.  Sample 68 
 
temperature was monitored with a 100W platinum RTD sensor (Omega Inc., 
Stamford, CT) and regulated with a water-cooled Peltier controller (Melcor Inc., 
Trenton NJ) operating within the vacuum beam path.  For SAXS the scattering path 
length varied between 20 and 40 cm and recorded (approximately 50 second 
exposures) with a home-built CCD detector. 
39 The detector-sample distance was 
calibrated with powder patterns of silver stearate and silver behenate. 
40 The second 
apparatus is a (Apparatus B) Bruker AXS Nanostar. The setup consisted of an X-ray 
Cu Kα source (1.54 Å) operated at 40 kV and 40 mA. A 2-D Hi-Star area detector at a 
sample-to-detector distance of 62.5 cm was used to record the scattering images. 
These 2-D images were integrated over the azimuthal angle (µ) to obtain one-
dimensional intensity versus the magnitude of the scattering vector, q=(4π/λ)sinθ, 
where λ is the X-ray wavelength and 2θ is the scattering angle. For both apparatus, the 
measurements were done under a controlled relative humidity environment by 
suspending the membrane over deionized water (or other saturated salt solution) in a 
closed chamber. The chamber consisted of polyimide tubing with a diameter of 2.11 
mm and a wall thickness of 200 µm. Individual chambers were assembled by capping 
one end of the polyimide tube with epoxy, followed by injecting 1 ml of deionized 
water to the bottom of the chamber, then suspending a membrane over the solution, 
and finally capping the other side of the tube with epoxy. All the chambers assembled 
were equilibrated overnight before each measurement. A polyimide polymer 
“chamber” was selected due to its low permeability to water and its “transparency” in 
the SAXS range of scattering angles.  
Bright-field TEM images were obtained with a Jeol-1200EX electron 
microscope operated at an accelerating voltage of 100kV. TEM samples (ca. 70 nm 
thick) were prepared by sectioning the solvent cast samples at –80 °C using a Leica 
Ultracut UCT ultra-microtome with a diamond knife. 69 
 
RESULTS AND DISCUSSION 
H
+MMT- Nafion Nanohybrid Membranes 
Dispersion of acid-Montmorillonite (H+MMT) in Nafion 
In nanocomposites the most important morphological feature of the system is 
the level of nanoparticle dispersion. It has been repeatedly shown that in order to 
achieve significant enhancement in materials properties, some level of nanoparticle 
dispersion is necessary. 
41 When nanoclays are used there are two possible structures 
that can be obtained: a) an exfoliated structure where the layers are highly disordered 
or delaminated and high levels of nanoscale dispersion are obtained, and b) an 
intercalated structure where polymer chains intercalate between the layers silicate, 
thus expanding the interlayer spacing and creating a well-ordered multilayer structure. 
In addition, if the system is immiscible, the host nanoparticles are stacked with no 
expansion of the interlayer spacing, creating a phase-separated system similar to that 
of macroscopically filled systems. 
42  
X-ray diffraction (XRD) and transmission electron microscopy (TEM) are two 
complementary analytical techniques used in studying the nanostructure of 
nanocomposites. XRD is a reliable technique for an initial assessment on the 
dispersion of layered nanoparticle in a polymer matrix. When an intercalated structure 
is obtained, there is an increase in the interlayer spacing between the host layers, 
characterized by a shift of the diffraction peak to lower angle values (angle and d-
spacing values are related through Bragg’s relation: λ=2d sinθ, where λ is the wave 
length of the X-ray radiation, d the spacing between diffractional lattice planes and 2θ 
the diffraction angle). In an exfoliated structure, the host layers are highly dispersed 
and no diffraction peaks are visible, thus resulting in silent diffractograms. In the latter 
case, TEM is used to characterize further the nanocomposite structure. In systems 70 
 
some systems more than one technique is necessary to determine the nanocomposite 
structure. 
43  
The dispersion media used for solvent casting the H
+-MMT-Nafion nanohybrid 
membranes highly influence the dispersion of nanoclay in the polymer matrix. When a 
mixture of low aliphatic alcohol and water was used as the dispersion media at 85 °C, 
an immiscible system with large agglomeration of layered silicate particles was 
produced. The diffraction peak characteristic of the interlayer spacing of H
+MMT 
(2θ=6.94°, d=12.72Å) is clearly seen in 7% wt/wt H
+MMT-Nafion hybrid (Figure 
3-3). The TEM image of the hybrid also shows, large agglomerates (ca. 0.4µm in 
diameter) of nanoparticles embedded in the Nafion matrix (Figure 3-4). In contrast, 
when water is used as the dispersion medium, a disorder structure is obtained with no 
diffraction peak of the characteristic interlayer spacing of H
+MMT. Figure 3-5 shows 
scattering data for H
+MMT-Nafion nanohybrid membranes solvent-cast in water at 85 
ºC. The characteristic diffraction peaks seen in the nanohybrid membranes are from 
the ionomer aggregates of the polymer matrix and not of an intercalated system (as 
seen for pure Nafion). The differences in structures obtained when using pure water or 
a mixture of mainly 1-propanol and water are due to the colloidal stability of 
montmorillonite particles in different dispersion mediums. Permian et al. studied the 
colloidal stability of montmorillonite in water/alcohols solutions, concluding that the 
decrease of the dielectric constant of the dispersion medium as the concentration of 
alcohol increased lead to a destabilization of the colloidal suspension due to the 
decrease of the diffusive electrical double layer. The decrease of this repulsive force 
gave way to edge/face and face/face aggregation of nanoparticles, in addition to van 
der Waals forces. 
44 Thus, by selecting the appropriate dispersion medium, exfoliated 
H
+MMT-Nafion nanohybrid membranes were synthesized up to a 10% wt/wt of 
H
+MMT. Unfortunately, the membranes obtained with casting in water at 85 ºC were 71 
 
very brittle and soluble in water. In the following section, an optimized procedure for 
producing freestanding membranes with good mechanical properties and insoluble in 
water will be discussed.    
   
 
Figure 3-3 XRD diffractograms of pure acid-montmorillonite (H
+MMT) and 7% 
wt/wt H
+MMT-Nafion nanohybrid membranes. Dispersion medium: low 
aliphatic alcohols (3-propanol, ethanol and others) and water. Solvent cast 
temperature: 85 °C. Data is shifted vertically for clarity.  
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Figure 3-4 Bright Field TEM image of 5% wt/wt H+MMT-Nafion membrane. 
Dispersion medium: low aliphatic alcohols (3-propanol, ethanol and others) and 
water. Solvent cast temperature: 85 °C.  Dark regions are mainly agglomerated 
H
+MMT nanoparticles and light or clear regions are the polymer matrix.   73 
 
 
 
 
 
 
Figure 3-5 XRD diffractograms of pure acid-montmorillonite (H
+MMT), pure 
Nafion and four H
+MMT-Nafion nanohybrid membranes. Dispersion medium: 
water. Solvent cast temperature: 85 °C. Membranes were hot pressed at 195 °C 
for 2 h and post-treated with standard acid treatment procedure for Nafion 
membranes. Data are shifted vertically for clarity. 
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High Temperature Solvent Casting 
The mechanical stability and robustness of solvent cast PFSA membranes are 
highly dependant on casting temperature and dispersion medium. PFSA membranes 
obtained by solvent casting from water or mixtures of water and low aliphatic alcohols 
such as ethanol are poor, brittle and dissolve readily in many polar solvents, such as 
water. The most common method used to produce freestanding reconstructed PFSA 
membranes that are elastic, coherent, and insoluble in water is to use a high boiling 
point solvent (e.g. dimethylformamide (DMF), n-methylformamide (NMF), dimethyl 
sulfoxide (DMSO)) and a casting temperature of over 140 °C. 
45 By solvent casting at 
high temperatures and annealing the membranes, there is an increase in the crystalline 
fraction of the perfluorocarbon backbone, which results in pliant, elastic membranes 
which are insoluble in water. Unfortunately, when this method was used to synthesize 
H
+-MMT-Nafion nanohybrid membranes with DMF, NMF or DMSO, the dispersion 
of nanoparticles was poor. In the best of cases (NMF), an immiscible system was 
obtained, seen by XRD (diffractogram not shown); when using NMF or DMSO as the 
co-dispersants, the nanoparticles settled before all the solvent was dried out. Thus an 
alternative method was devised to synthesize nanohybrid membranes that were robust, 
insoluble in water, and had intercalated or exfoliated structures of the embedded 
nanoparticles. 
Pliant, elastic and insoluble in water nanohybrid membranes were synthesized 
at temperatures over 150°C under pressurized environments with water as the 
dispersion medium. The environment was pressurized with nitrogen and the pressure 
inside the in-house-made device was chosen to be 15 psi above the vapor pressure of 
water at any given temperature to ensure slow evaporation; also, there was a constant 
flow of dry nitrogen to avoid a build-up of water vapor and assure a fast casting time. 
While typical casting times where 8 h, it was observed that 6 h was enough to obtain a 75 
 
dry membrane, with the additional 2 h used to anneal the sample at the casting 
temperature. As previously mentioned, the differences in morphological features in 
Nafion membranes are due to the difference of crystalline portion of the 
perfluorocarbon backbone. XRD diffractograms of two Nafion membranes cast at 
different temperatures (80 °C and 180 °C) are shown in Figure 3-6. Two characteristic 
diffraction peaks are observed: a large amorphous halo centered at ca. 16.4°, and a 
superimposed Bragg peak centered at 17.7° that is related to the crystalline fraction of 
the perfluorocarbon backbone. When these two diffraction peaks are deconvoluted, the 
ratio of the two areas is a qualitative indication of the amount of crystalline fraction in 
the polymer. The amount of crystalline fraction in the sample formed at 180 °C is 
higher than that formed at 80 °C. In the small angle x-ray scattering (SAXS) region 
there is also a diffraction peak (ca. 0.04 Å
-1) that is related to the regularity of the 
interlamellar spacing or interference between crystalline domains. 
46,47 This 
characteristic diffraction shoulder is also affected by the temperature at which the 
membrane is formed.  At 80 °C the diffraction pattern is flat compared to that of a 
membrane formed at 180 °C, where the characteristic peak is clearly observed (Figure 
3-7).  
There are two plausible reasons behind for the increase in crystallinity of the 
Nafion membranes formed at high temperature. When the cast temperature and 
annealing temperature are higher than the glass transition temperature (Tg) of the 
perfluorocarbon backbone (ca. 150 °C), there is sufficient mobility for reorganization 
of the polymer backbone to crystallize. 
48 In addition, the residual dispersion medium 
can also act as a plasticizer of the polymer matrix to assist such reorganizations. As 
mention by Gebel et al., PFSA membranes that are formed at low temperatures exhibit 
large fractions of poorly crystallized material with no long-range order between 
lamellar crystallites. As the annealing temperature is increased, long-range order 76 
 
develops and reorganization is favored, leading to larger lamellar crystallites that are 
insoluble in water.
49 Thus, by reconstructing Nafion membranes from water 
dispersions in a range of temperature similar to that used with high boiling point 
solvents, similar material features are obtained.       
 
Figure 3-6 XRD diffractograms of Nafion membranes cast at 80 ºC (a) and 180ºC 
(b).  Fit curves of experimental data are deconvoluted in amorphous (ca. 16.4º) 
and crystalline (ca. 17.7º) scattering profiles. Data are shifted vertically for 
clarity.  
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Figure 3-7 SAXS pattern of Nafion membranes cast at 80 ºC and 180ºC. Intensity 
vs. wave vector (q). Scattering pattern obtained through azimuthal integration 
over the full 2D diffractogram of normal surface. q=4π/λ sinθ, λ=1.54Å, 2θ 
scattering angle. Measurements done under vacuum. 
H
+-MMT-Nafion nanohybrid membranes reconstructed at 180 °C are 
continuous, elastic, and insoluble in water showing. The disorder structure of H
+-
MMT nanoparticles is seen by the silent XRD diffractograms in the range of 1-10° 
(Figure 3-8) and the TEM images (Figure 3-9) for concentrations up to 10% wt/wt of 
H
+-MMT. In addition in the range of 10-20° the ratio of the two characteristics peaks 
related to the amorphous (16.4°) and crystalline phase (17.7°) of the perfluorocarbon 
backbone are comparable than those seen for pure reconstructed Nafion. Thus, by 
optimizing the dispersion medium and the casting conditions, exfoliated H
+-MMT-
Nafion nanohybrid membranes were synthesized with similar mechanical properties 
than that of Nafion.  
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Figure 3-8 XRD diffractograms of pure acid-montmorillonite (H
+MMT), pure 
Nafion and four H
+MMT-Nafion nanohybrid membranes. Dispersion medium: 
water. Solvent cast temperature: 180 °C. Post- acid treatment with standard 
procedure for Nafion membranes. Data are shifted vertically for clarity. 
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a)   
b)   
c)   
Figure 3-9 Bright Field TEMs of H
+MMT-Nafion nanohybrid membranes. a) 
2.5% wt/wt; b) 5% wt/wt c) 10% wt/wt. Dispersion medium: water. Solvent cast 
temperature: 180 °C. Cross section of the polymer film (orthogonal to the casting 
surface) Post- acid treatment with standard procedure for Nafion membranes. 80 
 
Nanostructure of H
+MMT- Nafion Nanohybrid Membranes 
In this section, SAXS was utilized to characterize the morphology of 
nanohybrid membranes as a function of nanoparticle concentration. Thus by 
characterizing the morphology of nanohybrid membranes and evaluating their 
transport properties (e.g. proton conductivity and methanol permeability), structure 
properties relationships are developed to understand their performance. 
Small angle X-ray scattering (SAXS) is highly suitable for the detection and 
measurements of nanostructures in PFSA membranes. 
46 
49 
50 X-rays interact with the 
electronic environment of a continuous material, which is then characterized by an 
electronic density or scattering length density (SLD). The spatial variation of the SLD 
is at the origin to the scattered radiation and SAXS allows the determination of this 
variation between the nanometer and micrometer scales. From SAXS diffractograms 
the shape and size of scattering entities can be characterized, while spatial correlation 
information (called the structure factor) and anisotropies (or spatial heterogeneities) of 
the scattering entities are also attainable. As was mentioned earlier, due to the 
molecular structure of PFSA (Figure 3-1), the polar perfluoroether side chains that 
contain the ionic sulfonate groups, aggregate into hydrophilic ionic domains, termed 
ionic clusters, with the ionic groups located at the interface. The ionic clusters are 
distributed throughout the nonpolar poly(tetrafluoroethylene) (PTFE) matrix that is 
capable of organizing into crystalline domains with unit cell dimensions comparable to 
pure PTFE. 
51 Thus the SAXS diffractogram of Nafion, or other PFSA polymers, are 
complex with information concerning the size and spatial correlations of the ionic 
clusters, the crystalline domains and other higher order structures. 
52-54 A characteristic 
diffraction pattern of Nafion will contain: a) a scattering maximum at ca. q=1-2 nm
-1, 
due to the electron density difference of the ionic clusters and the PTFE matrix; b) a 
low angle peak, termed matrix knee, at ca. q= 0.4-0.5 nm
-1, related to the regularity of 81 
 
the interlamellar spacing or interference between crystalline domains; and c) an upturn 
at low q values (q<1 nm
-1) related primarily to polymeric aggregates and other higher 
order density fluctuations. 
50 For the scattering maximum related to the ionic clusters, 
the position of the scattering peak (size of ionic clusters) is a function of the amount of 
water in the polymer matrix, the counter ion (e.g. H
+, Li
+, Cs
+…) and the ion exchange 
capacity of the polymer matrix. The size of the ionic domains is proportional to the 
water content of the polymer matrix and inversely proportional to the equivalent 
weight (grams of dry polymer/equivalent) of the polymer. 
The origin of the scattering maximum related to the ionic clusters is 
controversial, with various models proposed to explain its origin and the morphology 
of Nafion membranes. Gierke et al. proposed a simple model, that is widely accepted, 
based on space-filling arguments that reproduce the cluster size, in addition to 
explaining the ionic conductivity (clusters connected by channels). 
10,55 Fujimura et al. 
associated the scattering maximum with a core-shell model of intraparticle origin, 
where the aggregates are considered as non-interacting particles. 
46,56 A further 
category of models interprets the ionomer peak as originating from spatial distribution 
of ionic aggregates (interparticle origin), where the scattering pattern is a function of a 
form factor of the ionic domains (generally spherical) and a structure factor, where 
ionic aggregates are randomly distributed or a “local order model” that takes into 
account short range order and long range gas-like disorder. 
53,57 In addition, Rubatat et 
al. and Gebel characterized Nafion membranes as having a fibrallar structure. 
58,59 
Using SAXS, cryo-TEM and AFM on dispersions of Nafion in water, they observed a 
colloidal suspension of elongated polymeric aggregates of high aspect ratio with 
diameters of 30-50 Å. These polymeric aggregates consisted of packed and aligned 
backbone chains with the pendant sulfonated groups located in the periphery (Figure 
3-10a see inset). At high volume fraction of polymer these polymer aggregates form 82 
 
bundles randomly oriented (Figure 3-10a). The ionomer peak was interpreted as the 
average distance between aggregates, and the low angle upturn as the correlation in 
orientation of aggregates into a bundle.  
(a) 
(b) 
Figure 3-10 (a) Schematic of Nafion morphology: correlated polymeric 
aggregates domains, termed bundle, randomly oriented. The position and 
orientation inside a bundle characterized the ionomer peak. 
58 (b) Schematic of 
H
+MMT-Nafion morphology: bundles of polymeric aggregates oriented 
orthogonally to the normal surface. Orientation due to layered structure of 
H
+MMT nanoparticles.  Schematics not scaled properly.   83 
 
SAXS under 100% relative humidity of nanohybrid membranes was performed 
through two orthogonal directions to characterize the induced anisotropy of the ionic 
domains in Nafion due to the dispersion of H
+MMT layered nanoparticles in the 
polymer matrix. Figure 3-11 is a schematic of the planes characterized by SAXS; the 
normal plane (qx-qy) is parallel to the casting surface used to form the polymer 
membrane, while the transverse plane (qy-qz) is orthogonal to the casting surface. 
 
Figure 3-11 Diagram of the two orthogonal directions characterized by SAXS. 
Normal Plane (qx-qy): surface parallel to the casting surface of the glass 
substrate. Transverse Plane (qy-qz): cross-section of the reconstructed 
membranes, with the qz-direction being the thickness of the membranes, typically 
200 to 500 µm.  
SAXS diffractograms of neat Nafion under 100% RH are very similar on the 
normal and transverse planes (Figure 3-12a, b). Each diffractogram shows two distinct 
rings positioned at similar q values. The positions of these two diffraction peaks are 
centered at ca. q=1.31 nm
-1 (dspacing= 4.8 nm) for the ionomer peak, and ca. q=0.4 nm
-1 
for the matrix knee related to the regularity of interlamellar spacing of the crystalline 
domains of the polymer matrix. In addition, Figure 3-12c represents the azimuthal 
integration of each diffractogram over two different areas: 1) “horizontal area”, 
corresponding to an azimuthal angle (µ) range of µ=-15º to 15º and 2) “vertical area”, 84 
 
with µ=75º to 105º. Azimuthal integration over different areas of a diffractogram leads 
to a qualitative analysis of the degree of anisotropy a material. Thus, due to the 
similarities between the position and intensity of the integrated diffractogram over two 
azimuthal angle (µ) regions and the resemblance between the diffractograms of the 
two orthogonal planes (normal and transverse), reconstructed Nafion membranes 
appeared to be isotropic materials with ionomer clusters randomly oriented or having 
isotropic orientation of polymer aggregates (fibrillar model of Nafion).  
Figure 3-13, Figure 3-14 and Figure 3-15 shows the X-ray diffractograms over 
the normal and transverse planes of nanohybrid membranes with 2.5% wt/wt, 7.5% 
wt/wt and 10% wt/wt of H
+MMT in Nafion, respectively. For 2.5% wt/wt of H
+MMT 
(Figure 3-13a, b) the morphology is very similar to that of Nafion, with the two 
distinct rings in both orthogonal planes. Nanohybrid membrane with 7.5% and 10% 
wt/wt of H
+MMT in Nafion show a clear anisotropic nature seen in the transverse 
plane diffractogram (Figure 3-14b and Figure 3-15b) characterized by the 
concentration of the intensity in the direction qz (µ=-15º to 15º), with the ionomer peak 
centered at q=1.58 and q=1.78 nm
-1 for 7.5% and 10%, respectively (Figure 3-14c and 
Figure 3-15c). The normal plane diffractograms of both 7.5% wt/wt and 10% wt/wt of 
H
+MMT in Nafion (Figure 3-14a and Figure 3-15a, respectively) are essentially 
isotropic, with a shoulder located at ca. 1.6 and 1.8 nm
-1 in q for 7.5% and 10%, 
respectively  (Figure 3-14c and Figure 3-15c). The anisotropic SAXS diffractograms 
of nanohybrid membranes will be explained on the basis of the intercalated 
morphology observed with TEMs images (Figure 3-9) and on the proposed fibrallar 
morphology of Nafion. 85 
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(c) 
Figure 3-12 SAXS patterns of Nafion. 2-D SAXS diffractograms were obtained 
along two orthogonal directions (normal and transverse). Data are shifted 
vertically for clarity. Each 2-D SAXS diffractogram was integrated over two 
different azimuthal angle (µ) regions: (i) “horizontal region” µ =–15° to 15°; and 
(ii) “vertical region”, µ = 75° to 105°. All measurements were taken on Apparatus 
A with a beampipe of 40 cm, except for Nafion in the transverse plane (20 cm 
beampipe). Measurements were done under a controlled relative humidity 
environment. Solvent cast temperature: 180 °C. Post- acid treatment with 
standard procedure for Nafion membranes. 86 
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(c) 
Figure 3-13 2-D SAXS diffractograms of 2.5% wt/wt H
+MMT in Nafion. For 
each sample 2-D SAXS diffractograms were obtained along two orthogonal 
directions (normal and transverse). Data are shifted vertically for clarity. Each 2-
D SAXS diffractogram was integrated over two different azimuthal angle (µ) 
regions: (i) “horizontal region” µ =–15° to 15°; and (ii) “vertical region”, µ = 75° 
to 105°. All measurements were taken on Apparatus A with a beampipe of 40 cm. 
Measurements were done under a controlled relative humidity environment 
(100% RH).  Solvent cast temperature: 180 °C. Post- acid treatment with 
standard procedure for Nafion membranes. 87 
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                                                                       (c) 
Figure 3-14 2-D SAXS diffractograms of 7.5% wt/wt H
+MMT in Nafion. For 
each sample 2-D SAXS diffractograms were obtained along two orthogonal 
directions (normal and transverse). Data are shifted vertically for clarity. Each 2-
D SAXS diffractogram was integrated over two different azimuthal angle (µ) 
regions: (i) “horizontal region” µ =–15° to 15°; and (ii) “vertical region”, µ = 75° 
to 105°. All measurements were taken on Apparatus A with a beampipe of 40 cm. 
Measurements were done under a controlled relative humidity environment 
(100% RH).  Solvent cast temperature: 180 °C. Post- acid treatment with 
standard procedure for Nafion membranes. 88 
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                                                                      (c) 
Figure 3-15 2-D SAXS diffractograms of 10% wt/wt H
+MMT in Nafion. For each 
sample 2-D SAXS diffractograms were obtained along two orthogonal directions 
(normal and transverse). Data are shifted vertically for clarity. Each 2-D SAXS 
diffractogram was integrated over two different azimuthal angle (µ) regions: (i) 
“horizontal region” µ =–15° to 15°; and (ii) “vertical region”, µ = 75° to 105°. All 
measurements were taken on Apparatus A with a beampipe of 40 cm. 
Measurements were done under a controlled relative humidity environment 
(100% RH).  Solvent cast temperature: 180 °C. Post- acid treatment with 
standard procedure for Nafion membranes. 89 
 
H
+MMT-Nafion nanohybrid membranes show a disorder structure of H
+MMT 
nanoparticles with oriented polymeric aggregates parallel to the casting surface, or 
normal plane (Figure 3-10b). The orientation of polymer aggregates is deduced by the 
anisotropic diffractogram in the transverse plane (Figure 3-14b and Figure 3-15b), 
where the ionomer peak has a preferred orientation over the qz direction (µ=-15º to 
15º). This preferred orientation is induced by the 2-D nature of H
+MMT nanoparticles 
that tend to align parallel to the normal surface during the casting process.  The good 
dispersion of H+MMT nanoparticles in Nafion is the result of the compatibility of 
hydrophilic nature of both, the surface of the H
+MMT nanoparticles and bundle of 
polymeric aggregates dispersed in a stable dispersion medium during solvent casting. 
Also, as the concentration of H
+MMT increases the ionomer peak in the transverse 
plane around the direction of qz (µ=-15º to 15º) tends to shift monotonically to higher 
values of q (Figure 3-16), which could be interpreted as a compression of the 
aggregates due to the presence of the H
+MMT nanoparticles. Finally, the distance 
between layered silicates and the size of the bundles of polymeric aggregates could not 
be inferred with this analysis, a suitable characterization would be with SAXS in the 
region of ultra low angles, as was inferred for Nafion membranes. 
58  
Anisotropic Nafion and other PFSA membranes have been produced before by 
uniaxial deformation. 
60-62 The intensity distribution of the ionomer peak becomes 
anisotropic under stretching and was seen to be orthogonal to the stretching direction, 
indicating that the polymer aggregates align parallel to the stretching direction. The 
fibrillar structure model of Nafion reproduces well the SAXS and birefringence 
experimental data of stretched Nafion membranes. 
60,61 An interesting morphological 
difference between anisotropic Nafion membranes produced by uniaxial deformation 
and those produced by the inclusion of layered nanoparticles is that the later case 
induces oriented polymeric structures only in one direction (qz, parallel to the normal 90 
 
surface), while the uniaxially deformed membranes produces oriented polymeric 
structure in two orthogonal directions as reviewed by Gebel et al. 
50 These 
morphological differences between different anisotropic Nafion membranes would be 
interesting to characterize as well as their effect on transport properties. The following 
section will concentrate on two important transport properties of Nafion and H
+MMT 
in Nafion nanohybrid membranes: proton conductivity and methanol permeability. 
Both of these material properties are of great interest in fuel cell technology. 
 
Figure 3-16 SAXS patterns (Intensity vs. q) of H
+MMT-Nafion nanohybrid 
membranes with different weight percentage of H
+MMT in Nafion. SAXS 
patterns of transverse plane integrated in the “horizontal” region (µ =–15° to 
15°). Data are shifted vertically for clarity. 
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Methanol Permeability and Proton Conductivity of H
+MMT-Nafion Nanohybrid 
Membranes 
Two of the most important properties of membranes used in fuel cell 
technology are their barrier and charge transport properties. Ideally, in PEMFCs or 
DMFCs the membrane effectively separates the anode and cathode gases and/or 
liquids and mediates the electrochemical reaction occurring at the electrodes by 
allowing conduction of a specific ion (e.g. protons) at very high rates under a wide 
range of temperature, pressure and hydrations conditions. Particularly in DMFCs, 
membranes with low permeability of methanol (MeOH) are required. Methanol 
crossover lowers fuel utilization and adversely affects the overall performance by 
decreasing the open circuit voltage.
5 This section is focused in characterizing the 
methanol permeability and proton conductivity of H
+MMT-Nafion nanohybrid 
membranes, and in developing structure-properties relationships. By focusing on these 
two main material properties it can be inferred at to how these nanohybrid membranes 
would perform in an actual fuel cell environment.     
In DMFC one of the major drawbacks of PSFA membranes is their high 
methanol permeation. It has been proven that under normal DMFC conditions up to 40 
% of methanol feed permeates from the anode to the cathode compartment. 
37 Because 
of the similarity of properties between methanol and water (e.g. dipole moment), both 
will permeate the membrane by electro-osmotic drag and diffusion primarily through 
the hydrophilic moieties of PFSA membranes. In addition, methanol also acts as a 
plasticizer to the PFSA polymer matrix, thus allowing a small fraction of permeation 
through the PTFE polymer backbone rich regions. As mentioned previously, our 
approach to improve the barrier properties of Nafion membranes is to disperse 
impermeable inorganic nanoparticles into the polymer matrix. These nanoparticles can 
act as barriers, creating a maze or “tortuous path” that retard the permeation of 92 
 
methanol and water through the membrane. Specifically, layered silicate nanoparticles 
have proven successful in a number of other polymer nanocomposite membrane 
systems for reduction of gas and liquid permeability due to the layer nature of 
nanoparticles. 
63-66  
Dispersion and concentration of H
+MMT are key factors in reducing methanol 
permeability of H
+MMT-Nafion nanohybrid membranes. Figure 3-17 represents the 
relative methanol permeability of H
+MMT-Nafion nanohybrid membranes for 
different volume fractions of H
+MMT after acid treatment. Methanol permeability was 
characterized orthogonal to the normal surface. The H
+MMT nanoparticles are aligned 
perpendicular to the flow direction of methanol between chamber A and B (Figure 
3-2), since the flow direction coincides with normal vector qz of Figure 3-11. This 
alignment of the H
+MMT nanoparticles was discussed in the previous section 
(page80) for reconstructed membranes using water as the dispersion medium. All 
values of methanol permeability measured for H
+MMT-Nafion nanohybrid membrane 
are divided by the value measured of the pure Nafion (P0= 6.08×10
-6 cm
2/s, similar to 
previous studies 
12) to obtain a relative permeability. As seen in Figure 3-17, 
increasing the concentration of H
+MMT decreases the methanol permeability, 
measured by the decrease in relative permeability (P/P0). Membranes formed with 
water as the dispersion medium show a significant decrease in methanol permeability 
compared to those membranes reconstructed with low aliphatic alcohols as the 
dispersion medium at similar volume fractions of H
+MMT. The difference is due to 
the dispersion of H
+MMT nanoparticles. While membranes reconstructed with low 
aliphatic alcohols show an immiscible structure with clusters of nanoparticles 
embedded in the polymer matrix (Figure 3-4), membranes reconstructed with water as 
the dispersion medium show the layered silicates have a disorder structure, but with a 
preferred orientation parallel to the normal surface, which consequently induce 93 
 
alignment of polymer aggregates parallel to the normal surface (Figure 3-11b), 
creating a highly tortuous path for methanol to permeate.  
 
 
 
 
Figure 3-17 Relative methanol permeability for H+MMT-Nafion nanohybrid 
membranes as a function of volume fraction of H
+MMT. Comparison between 
two dispersion mediums used to solvent cast nanohybrid membranes. (■) 
Dispersion medium: low aliphatic alcohols and water, solvent cast temperature 
80 °C; (▲) Dispersion medium: water, solvent cast temperature 180 °C.  Solid 
lines represent the predictions from (Equation 1-4) for aspect ratios= 300 (―) 
and 60 (―).  Relative Permeability= Pnanohybrid/PNafion.  Inserts are bright field 
TEMs images of H+MMT-Nafion nanohybrid membranes cast with different 
dispersion mediums: (a) low aliphatic alcohols and water, and (b) water.  
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The difference between these two types of reconstructed membranes can also 
be understood through theoretical models proposed for permeability in composite 
materials. 
65,67 For example, Cussler et al. proposed a theoretical model of 
permeability through a composite material with a layered structure, where the 
impermeable layers or “flakes” are parallel to the normal surface. The permeability is 
modeled as a function of the volume fraction of the layers (φ), the aspect ratio (α) of 
the layered material, defined as half the flake width divided by the flake thickness and 
a geometric factor (µ). A “semidilute” system is defined when φ « 1 and αφ » 1 and 
the governing model is given by the following equation  
1 2 2
0 1
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φ α
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P
                                             (3-4) 
where P/P0 is the relative permeability and  µ=π
2/16ln
2α. This model is appropriate 
for the Nafion hybrid membranes due to the platelet dimensions (width in the order of 
300-600 nm and single platelets thickness of 1 nm) and the volume fraction of the 
layers (φ « 1), for a “semidilute” system. Figure 3-17 also includes the predictions of 
the “semidilute” model for two different aspect ratios. The high aspect ratio (α=300) 
corresponds to the well-dispersed nanoparticles, as is the case for reconstructed 
membranes in water. For reconstructed membranes in low aliphatic alcohols there is 
poor dispersion of H
+MMT nanoparticles, increasing the apparent thickness of the 
layer nanoparticle, thus decreasing the aspect ratio (α=60). In conclusion, adding a 
small volume fraction of well-dispersed H
+MMT layered silicate nanoparticles can 
significantly reduce methanol permeability in Nafion, thus increasing the fuel 
efficiency in DMFCs and decreasing the overpotential losses due to oxidation of 
methanol in the cathode compartment.      
High protonic conductivity is of great importance for polymer membranes used 
as electrolytes in fuel cell applications. An importance challenge in fuel cell 95 
 
technology is to develop polymer membranes with high proton conductivity (σ) at 
poorly hydrated conditions, as those found in high temperature applications (>90°C) 
where state-of-the-art membranes have been observed to fail in the past. Conductivity 
of state-of-the-art membranes (e.g. Nafion) is in the order of 0.1 S/cm and highly 
dependant on water content. Important contributions to the field were made by 
Zawodzinski et al., who recognized the dependence of conductivity with absorbed 
water in PFSA membranes. 
33,68,69 They characterized Nafion and other PFSA 
membranes with pulsed field gradient spin-echo nuclear magnetic resonance (PFGSE 
NMR) to measure the 
1H diffusion coefficients and proton conductivity at various 
levels of hydration, expressed in terms of a hydration number (λ) (number of water 
molecules per sulfonic acid sites in the membrane). At low water contents it was found 
that water and protons diffuse by a very similar mechanism (vehicle mechanism). As 
the concentration of water increased, an additional Grotthus mechanism (hopping of 
H
+) was proposed to explain the divergence between H
+ diffusion coefficient 
measured by conductivity and the 
1H diffusion coefficient (assigned as the water 
intradiffusion coefficient of water). In addition, the temperature dependence of 
protonic conductivity for Nafion has also been characterized in a number of studies, 
all of which agree on a low activation energy of proton conduction (0.1-0.2 eV), 
compared to other protonic conductors. 
70,71 Our focus will be to characterize proton 
conductivity as a function of water content, expressed in terms of relative humidity 
(RH), for H
+MMT-Nafion nanohybrid membranes.  
Proton conductivity as a function of relative humidity for Nafion and H
+MMT-
Nafion nanohybrid membranes is presented in Figure 3-18. The functionality of proton 
conductivity with water content of H
+MMT-Nafion nanohybrid membranes is very 
similar to that of Nafion, where a decrease in water content leads to a drop in proton 
conductivity. In addition, the difference in conductivity between hybrid and neat 96 
 
Nafion membranes increases as the RH decreases. This effect is much more 
pronounced at very low water contents (RH=10%), while in a fully hydrated state 
(RH=100%) the difference is much smaller with values of 0.08 and 0.05 for Nafion 
and 10% wt./wt H
+MMT-Nafion, respectively. The large difference at low water 
contents between Nafion and H
+MMT-Nafion nanohybrid membranes is due to the 
intrinsic proton conductivity of H
+MMT nanoparticles. As measured by Aliouane et 
at., at low water contents (ca. RH=20%) the proton conductivity of pure H
+MMT 
nanoparticles is ca. 2×10
-7 S/cm compared to that of pure Nafion that is ca. 2×10
-4 
S/cm. 
29 On the other hand, at a fully hydrated state (RH=100%) Nafion and H
+MMT 
have conductivities of 0.08 S/cm and 0.01 S/cm respectively. Finally, any anisotropic 
effects on the conductivity due to the presence of H
+MMT could not be evaluated due 
to the characterization device used to measure proton conductivity, which is a 
combination of conductivity on the normal and transverse plane.  
Some recent work describes Nafion hybrid membranes based on nanoclays. 
Thomassin et al. produced a number of different nanocomposites with conventional 
organo-modified MMT, fluoro-modified MMT, and native MMT. 
72-74 They observed 
that MMT nanoparticles were only compatible with Nafion if its surface was 
organically modified with specific surface modifiers (bis(2-hydroxyethyl)methyl 
hydrogenated tallow ammonium (Cloisite 30B) and behenyl betaine (BHB)). 
However, the conductivity of the nanocomposite membranes was significantly 
decreased even at fully hydrated conditions compared to Nafion. In addition, the best 
relative methanol permeability was 0.5. Thus, the hybrids membranes developed in 
this work show better conductivity and much lower permeability compared to those 
already published in the literature. The reason for the higher conductivity is the use of 
H
+-exchanged nanoparticles that significantly contribute to the membrane 
conductivity.   97 
 
  
 
 
 
Figure 3-18 Proton Conductivity of H+MMT-Nafion nanohybrid membranes as a 
function of relative humidity. Relative humidity is the ratio between partial 
pressure of water (PH2O) and vapor pressure of water (P
o) (RH= PH2O /P
o). 
Solvent cast temperature: 180 °C. Post- acid treatment with standard procedure 
for Nafion membranes.  
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SiO2/SO3H-Nafion Nanohybrid Membranes 
Effect of Acid Treatment on Overall Properties of Reconstructed Nafion Membranes 
Acid-treatment is a standard procedure (detailed in page 64) for extruded 
Nafion films to remove organic impurities and to fully protonate the sulfonic acid sites 
that are covalently attached to the polymer membrane. Also, this procedure is used for 
reconstructed Nafion membranes that are formed from a solvent casting with the same 
objective to “activate” the polymer film and obtain its full potential as an ionic 
conductor. During this “activation” procedure or acid treatment there is a 
morphological rearrangement in the polymer matrix as seen by an increase in size of 
the ionomer cluster. Comparing the ionomer peak seen in SAXS patterns before and 
after acid treatment  (Figure 3-19) shows there is a difference in q of 0.27 nm
-1 in the 
position of the maximum of the ionomer peak, corresponding to a 0.9 nm difference in 
d-spacing. This increase in the size of the ionomer cluster or distance between 
polymer aggregates is due to the increase in the electrostatic forces that, in turn, 
induces a higher water intake.  
Full protonation of the sulfonic sites induces an increase in protonic 
conductivity but is also increases methanol permeability. Nafion membranes after acid 
treatment show an increase in conductivity of ca. two times compared to the same 
sample before acid treatment in all the relative humidity range (Figure 3-20). The 
increase in conductivity after acid treatment is mainly due to an increase in available 
charge carriers (H
+), as might be expected. Additional to the increase in proton 
conductivity there is also an increase of ca. 25% in methanol permeability (inset 
Figure 3-20) for membranes after acid-treatment compared to those before acid 
treatment. As the ionic clusters increase in size Nafion membranes become more 
porous creating larger pathways for methanol to permeate.      99 
 
 
 
 
 
Figure 3-19 SAXS pattern (Intensity vs. q) of Nafion before and after acid 
treatment. Scattering pattern obtained through azimuthal integration over the 
full 2D diffractogram of normal surface. All measurements were taken with 
Apparatus B (description given in the experimental section) under 100% RH. 
Data are shifted vertically for clarity. Solvent cast temperature: 180 °C. 
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Figure 3-20 Proton conductivity vs. relative humidity and methanol permeability 
(see inset) of Nafion membranes before and after acid treatment. Solvent cast 
temperature: 180 °C. 101 
 
Nanostructure of SiO2/SO3H-Nafion Nanohybrid Membranes 
In the past section of H
+MMT-Nafion nanohybrid membranes, the modifying 
nanoparticles were H
+-exchanged layered silicates (H
+MMT). In this section, the 
modifying agents are based on silicon dioxide (SiO2) that has been modified by 
covalently attaching sulfonic acid groups (-SO3H). Two SiO2 morphologies were 
investigated. In the first case (HS30SIT), spherical SiO2 nanoparticles with a diameter 
of ca. 12 nm are surface modified with sulfonic acid containing groups. The second 
type of modifying agents, referred to as SIT:TEOS (2:1), are based on creating a SiO2  
network structure with sulfonic acid groups (-SO3H) covalently attached to a inorganic 
network. The synthesis of SiO2/SO3H network that fills the hydrophilic voids of 
Nafion is parallel to solvent casting the polymer film. In addition, the ion exchange 
capacity of these networks is calculated to be over 2 meq/g of dry sample. The 0-D 
SiO2 (HS30SIT) particles are dispersed in Nafion with the same procedure that was 
used for H
+MMT-Nafion nanohybrid membranes, using water as the dispersion 
medium and solvent casting at 180 °C. Excellent dispersion of HS30SIT nanoparticles 
can be seen in the TEM image of 7% wt/wt HS30SIT-Nafion nanohybrid membrane 
(Figure 3-21). The ion exchange capacity of these nanoparticles, calculated by 
titration, is 1.46 meq/g of dry modified SiO2. In comparison, the reported value of acid 
capacity for Nafion (DE1021) is 0.99 meq/g of dry polymer. 
31 Figure 3-22 represents 
the TEM image of 16 wt/wt of TEOS:SIT (2:1)-Nafion, it can be seen that the feature 
size of the nanoparticles formed inside the polymer membrane are smaller than for 
HS30SIT nanoparticles, in addition a network formation of individual nanoparticles is 
seen in some regions of the TEM image.  
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Figure 3-21 Bright TEM image of 7% wt/wt HS30SIT-Nafion membrane. 
Dispersion medium: water. Solvent casting temperature 180°C. Dark regions are 
HS30SIT nanoparticles and light or clear regions are the polymer matrix. 103 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-22 Bright TEM image of 16 %wt/wt of SIT:TEOS (2:1)-Nafion 
nanohybrid membranes. Dispersion medium: water. Solvent casting temperature 
180°C. Dark regions are inorganic nanoparticles of SIT:TEOS and light or clear 
regions are the polymer matrix. 
 
The morphology of SiO2/SO3H-Nafion nanohybrid membranes was 
characterized by SAXS. Figure 3-23 represents the SAXS diffractograms and patterns 
of different SiO2/SO3H-Nafion nanohybrid normal to the film. From all the 
diffractograms some general trends can be observed: (i) the materials are isotropic 
evidenced by the homogeneous distribution of the scattering signal over the entire 
range of azimuthal angles (see insets of Figure 3-23a, b); (ii) the characteristic ring 104 
 
seen in pure Nafion related to the ionomer peak, located ca. q=1.31 nm
-1, is converted 
into a diffusive shoulder positioned close to where the ionomer peak would be located, 
followed by a increase in intensity at lower values of q; and (iii) the matrix knee or 
diffraction signal related to the interlamellar spacing of the crystalline fraction of the 
polymer matrix (ca. q= 0.4 nm
-1) is also suppressed. However, the crystalline fraction 
of polymer matrix does not seem to be influenced by the inclusion of the SiO2/SO3H 
nanostructures as seen in the XRD patterns of representative SiO2/SO3H-Nafion 
membranes (Figure 3-24). The ratio of areas between the two deconvoluted peaks 
(crystalline and amorphous) for all the SiO2/SO3H-Nafion membranes is very similar 
to that of pure Nafion. These general trends are valid for all the concentration range 
studied (4-17% wt/wt).  
Some specific details can also be seen for each of the different SiO2/SO3H 
nanoparticles. For SIT:TEOS(2:1)-Nafion membranes, based on the suppression in the 
signal of the ionomer peak and the sharp increase in intensity at low q values (Figure 
3-23b), it can be inferred that the presence of the SiO2/SO3H network disrupts the 
preferred spacing between polymer aggregates and creates orders at longer lengths 
scales than those seen in pure Nafion. HS30SIT-Nafion membranes show a diffraction 
peak located at 0.35 nm
-1 and a very weak shoulder at 0.71 nm
-1, which could be 
interpreted as first and second order diffraction peaks originating from spatial 
distribution of HS30SIT nanoparticles (Figure 3-23a). In addition, SAXS 
diffractograms of 5% wt/wt SIT:TEOS-Nafion and 7% wt/wt HS30SIT-Nafion were 
measured on the transverse surface (not shown) and show no difference compared to 
their respective SAXS diffractogram taken on the normal surface. Therefore, there is 
no induced anisotropy of the polymer matrix due the presence of SiO2/SO3H 
nanostructures in the form of spherical nanoparticles (0-D) or as an amorphous 
network, as opposed to the case for H+MMT-Nafion nanohybrids. However, there are 105 
 
some morphological changes in the polymer matrix that are specific to each type of 
SiO2/SO3H nanostructure. 
 (a)  
 (b)   
Figure 3-23 SAXS pattern (Intensity vs. q) of SiO2/SO3H-Nafion nanohybrid 
membranes. Scattering pattern obtained through azimuthal integration over the 
full 2D diffractogram of normal surface (see inset of each SAXS pattern). All 
measurements were taken with Apparatus B (description given in the 
experimental section). Data are shifted vertically for clarity. (a) HS30SIT-Nafion 
nanohybrid membranes with different concentrations of HS30SIT. (b) SIT:TEOS 
(2:1)-Nafion nanohybrid membranes with different concentrations of SIT:TEOS 
(2:1). Measurements were done under a controlled relative humidity 
environment (100% RH).  Solvent cast temperature: 180 °C. 
1
10
1
10
2
10
3
 
 
I
n
t
e
n
s
i
t
y
 
q [nm
-1]
 Nafion (AT)
 4% wt/wt HS30SIT-Nafion 
 7% wt/wt HS30SIT-Nafion
1
10
1
10
2
10
3
 
 
I
n
t
e
n
s
i
t
y
 
q [nm
-1]
 Nafion (AT)
 5% wt/wt SIT:TEOS (2:1)-Nafion
 16% wt/wt SIT:TEOS (2:1)-Nafion106 
 
 
Figure 3-24 XRD diffractograms of different SiO2/SO3H-Nafion nanohybrid 
membranes. Fit curves of experimental data are deconvoluted in amorphous (ca. 
16.4º) and crystalline (ca. 17.7º) scattering profiles. Data are shifted vertically for 
clarity. 
Methanol Permeability and Proton Conductivity of SiO2/SO3H-Nafion Nanohybrid 
Membranes 
Proton conductivity as a function of relative humidity for different SiO2/SO3H-
Nafion nanohybrid membranes is presented in Figure 3-25. Compared to acid treated 
Nafion (Nafion (AT)) HS30SIT-Nafion membranes show a lower conductivity in the 
entire range of water concentration (Figure 3-25a). The lower conductivity is seen for 
both concentrations of HS30SIT nanoparticles (4% and 7 % wt/wt). The decrease in 
conductivity is not due to the presence of the HS30SIT nanoparticles, but due to the 
low contribution that the polymer matrix has on the overall conductivity for 
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membranes that are not acid treated. In fact, the conductivity of the hybrid membranes 
is higher compared to the non-acid treated neat Nafion. Thus, the inclusion of 
HS30SIT nanoparticles does have a positive effect over the conductivity of Nafion by 
increasing the number density of charger carriers. In contrast, SIT:TEOS (2:1) 
nanohybrid membranes, due to the high theoretical ion exchange capacity of 
SIT:TEOS (2:1), show an increased conductivity compared to acid-treated Nafion in 
the whole range of water concentration (Figure 3-25b). Conductivity at 100 %RH is 
increases from 0.08 S/cm for Nafion to 0.13 S/cm for SIT:TEOS (2:1)-Nafion, an 
increase of 62%. This increase is also observed in the low RH region. 
Figure 3-26 represents the relative methanol permeability of selected 
SiO2/SO3H-Nafion membranes compared to Nafion. Both samples showed a 
substantial decrease in methanol permeability observed by a decrease in relative 
methanol permeability (P/P0), the lowest being for 16% wt/wt SIT:TEOS (2:1)-Nafion 
(0.5). The reduction of methanol permeability is due to the filling of Nafion’s 
hydrophilic “clusters” with SiO2/SO3H nanoparticles or networks, which actually 
creates ordered structures at longer lengths scales than those seen in pure Nafion. 
Additionally, and most importantly, for SiO2/SO3H-Nafion membranes methanol 
permeability and ionic conductivity are independent. For PFSA membranes or other 
ionic conducting membranes (e.g. sulfonated polyaromatics), methanol permeability 
and ionic conductivity are linked transport properties, i.e. water, protons and methanol 
are mainly transported through the hydrophilic part of the polymer membrane. Hence, 
an enhancement in ionic conductivity generally leads to an increase in methanol 
permeability, with he latter effect being undesirable. This is not the case for both 
SiO2/SO3H-Nafion nanohybrid membranes and SIT:TEOS-Nafion membranes, i.e. 
these membranes show a higher protonic conductivity than Nafion, but with a lower 
methanol permeability. By adding SiO2/SO3H nanoparticle to Nafion membranes, both 108 
 
primary objectives (i.e. increased protonic conductivity and decreased methanol 
permeability) are obtained. The following section will compare the three different 
nanohybrid membranes based on their transport properties 
(a) 
  (b)  
Figure 3-25 Proton conductivity of different SiO2/SO3H-Nafion nanohybrid 
membranes. (a) HS30SIT-Nafion nanohybrid membranes with different 
concentrations of HS30SIT. (b) SIT:TEOS (2:1)-Nafion nanohybrid membranes 
with different concentrations of SIT:TEOS (2:1). Nanohybrid membranes were 
tested with out acid treatment. For pure Nafion, the membrane was acid treated.     
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Figure 3-26 Relative Permeability of different SiO2/SO3H-Nafion nanohybrid 
membranes. Relative Permeability= Pnanohybrid/PNafion. Nanohybrid membranes 
were tested with out acid treatment. For pure Nafion, the membrane was acid 
treated.  
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Comparison between Nanohybrid Membrane Materials 
Charge transport and mass transport are at the core of proton conductivity and 
methanol permeability. Flux of protons can be expressed by the Nernst-Plank 
Equation:  
ψ ∇ + ∇ = − p p p p p p C Fu z C D j                                      (3-5) 
where jp is the proton flux, and Dp, Cp, up and zp are the diffusion coefficient, 
concentration, mobility and charge, respectively, for protons. ψ is the electrostatic 
potential and F is Faraday’s constant. In the absence of concentration gradients 
(∇Cp=0), 1-5 can be simplified to 
l
C Fu z j p p p p
ψ ∆
− =                                             (3-6) 
where l is the thickness of the polymer film. Additionally, the conductivity (σ) 
is defined as  
p p p C u F z
2 2 = σ                                                 (3-7) 
and we can express the flux of proton in terms of conductivity by substituting 
2-6 in  2-7  
l F z
j
p
p
ψ σ ∆
− =                                                 (3-8) 
On the other hand, Fick’s law describes the flux of methanol (jm)  
m m m C D j ∇ = −                                                  (3-9) 
where Dm and Cm are the diffusion coefficient and concentration, respectively, 
for methanol. Considering a constant concentration of methanol (Cmo) and a zero-sink 
boundary condition for the concentration of the receptor compartment 2-9 can be 
simplified to   
l
C
P
l
C
K D j
m m
m m m
0 0 = = −                                    (3-10) 111 
 
where l is the thickness of the membrane and Km is the partition coefficient 
(the ratio of methanol concentration inside the membrane to that in the adjacent 
solution) and the product of DmKm is the methanol permeability (P).  
A ratio (β) of fluxes (3-8 and 3-10) can be defined as the following: 
 


 

 ∆
= =
0 m m
p
FC P j
j ψ σ
β                                         (3-11) 
with zp=1. A selectivity (κ) term based on the only properties of the proton 
conducting membrane can be define as:  
P
σ
κ =                                                      (3-12) 
This selectivity term is based on experimental measurements and is 
proportional to their respective diffusion coefficients. An increase is favorable, and 
could be due to an increase in protonic conductivity and/or reduction of methanol 
permeability.  
Figure 3-27 represents comparison between selectivity parameters (κnanohybrid) 
of the different nanohybrid membranes compared to Nafion (κNafion). This plot is 
represented as a ratio of κnanohybrid /κNafion. A value greater than 1 indicates an increase 
in performance compared to Nafion based on its transport properties. Based on this 
analysis, 10% wt/wt H+MMT-Nafion shows the maximum selectivity, mainly due to 
the high suppression of methanol permeability. The small decrease of ionic 
conductivity for this membrane is compensated by the large decrease in methanol 
permeability. For 15% SIT:TEOS (2:1)-Nafion both the increase in conductivity and 
the decrease in methanol permeability had a positive effect of the κ which is 3× 
greater than that of Nafion.   112 
 
 
Figure 3-27 Values of κNanohybrid Membrane/κNafion for different nanohybrid 
membranes. κ is calculated as protonic conductivity divided by permeability.    
Relative permeability of nanohybrid membranes is a function of the 
morphology of the modifying nanoparticles. At similar concentrations of nanoparticles 
(ca. 7% wt/wt) the values for relative permeability are 0.68 and 0.13 for HS30SIT-
Nafion and H
+MMT-Nafion, respectively. As reviewed by DeRocher et al. the 
permeability (P) of a suspension of impermeable spheres in a polymer film of 
permeability (P0) is a function of the volume fraction of the spheres (φ) expressed by 
the following equation 
φ
φ
−
+
=
1
2 1 0
P
P
                                               (3-13) 
It is important to mention that the theoretical permeability for this composite 
material is not a function of the size of the particles, i.e. particles with diameters from 
microns to nanometers would produce the same reduction in permeability. 
65 On the 
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particles (3-4) is a function of the dimensions of the modifying particle (µ and α) and 
of the volume fraction. Also, calculating the theoretical relative permeability at φ = 
0.06 (corresponding to ca. 7% wt/wt) for both a composite with spherical particles 
(HS30SIT) and layered particles (H
+MMT, α=300, as used previously) would produce 
values of 0.91 and 0.15, respectively. Thus, our measured experimental values for 
relative permeability are consistent with the theoretical model proposed for composite 
materials with different morphologies.          
Proton conductivity is both a function of the modifying nanostructure and 
Nafion membrane. The three modifying agents, besides having different 
nanostructures, had different number density of charged carriers measured by their ion 
exchange capacity. Thus by introducing a nanostructure (e.g. SIT:TEOS (2:1)) with an 
ion exchange capacity larger than the value for Nafion there was a significant increase 
in the value of proton conductivity. This experimental observation agrees well with the 
definition of conductivity (3-7) that is proportional to the concentration of charge 
carriers. Conductivity is also a function of water concentration (Figure 3-18, Figure 
3-25) for which the addition of any of the three nanostructures had little effect 
compared to the performance of pure Nafion. Thus, at room temperature the addition 
of the nanostructures investigated did not have an effect over the water retention under 
poorly hydrated environments. For future work it would be significant to measure 
conductivity at elevated temperature (80-150°) and develop a comparative study with 
other composite materials that have proven to be successful (e.g. SiO2) in retaining 
water at elevated temperatures.  
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CONCLUSIONS 
This method of preparation of nanohybrid membranes produces pliant, elastic, 
and insoluble in water polymer membranes with homogenous distribution of different 
nanostructures that influence the morphology of the polymer film and its transport 
properties. The homogeneous dispersion of layered silicate nanoparticles (H
+MMT) in 
Nafion’s polymer matrix was obtained by using water as the dispersion medium and 
solvent casting under a pressurized nitrogen environment (180 psi) at 180°C. A 
disorganized structure was observed with orientation of polymer aggregates parallel to 
the layered nanoparticles. The resulting materials showed very low methanol 
permeability with comparable ionic conductivities to Nafion. A second group of 
nanohybrid membranes were also synthesized with nanoparticles (HS30SIT) or 
networks (SIT:TEOS 2:1) of sulfonic acid modified silicon dioxide. The resulting 
membranes showed, in some cases (e.g. SIT:TEOS 2:1) a decrease in methanol 
permeability and an increase in proton conductivity as compared to Nafion. Thus by 
developing nanohybrid membranes with low methanol permeability and high proton 
conductivity the over all efficiency of DMFCs and PEMs can potentially be improved.      115 
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